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ABSTRACT 
The broad aim of this thesis was to progress understanding of the neuromechanics of 
joint stability and injury mechanisms by investigating the interactions between 
neuromuscular function and balance perturbations as well as the influence of sex and 
fatigue on these variables. Knee extensor (KE) and plantar flexor (PF) isometric 
strength parameters (maximum voluntary torque (MVT), explosive voluntary torque 
(EVT)) were related in young healthy adults. EVT of KE and PF were correlated at 4/5 
time points during the rising torque-time curve for all absolute (r = 0.488-0.755) and 
relative (to body mass (BM) (r = 0.517-0.669) and MVT (r = 0.353-0.480)) expressions 
of EVT. These results suggest that KE and PF function is related for both maximum 
and explosive torque. Males were stronger for KE (+89%) and PF (+55%) than 
females. Males also displayed greater EVT at all time points in KE (+57-109%) and at 
50-150 ms in PF (+33-52%). When MVT and EVT were normalised to BM, males 
continued to be stronger at all time points in KE (+23-60%) and from 100-150 ms (18-
20%) in PF. No sex differences were found when EVT was normalised to MVT. 
Furthermore, sex differences were discovered in muscle morphology. Females had a 
smaller knee flexor (KF):KE size ratio, a proportionately small sartorius (SA) and 
gracilis (GR) and a proportionately larger vastus lateralis (VL), potentially predisposing 
females to greater risk of ACL injury. Females had a larger biceps femoris long head 
(BFlh) as a proportion of the KF than males, which may contribute to the higher risk of 
hamstring strain injury (HSI) in males. Regarding explosive performance and 
perturbation response, explosive PF torque had a weak to moderate correlation with 
COM displacement (COMD) from 400-500 ms (r = -0.346 to -0.508) and COM velocity 
(COMV) from 300-500 ms (r = -0.349 to -0.416), with weaker correlations between 
explosive KE torque and COMV at 400 ms (r = -0.381 to -0.411) but not with COMD. 
These findings suggest that greater explosive torque results in better control of the 
COM in response to unexpected perturbations. The effects of football simulated 
fatigue on these factors resulted in reduced maximal KF and KE torque. However, 
football simulated fatigue was not found to reduce EVT of either muscle group, or 
explosive H/Q ratio. Football simulated fatigue resulted in impaired balance response 
to unexpected perturbation in the posterior but not the anterior direction. 
 
Key Words: Explosive torque, maximal torque, sex differences, MRI, muscle size, 
perturbation response, fatigue, hamstrings-to-quadriceps ratio, ACL injury 
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Sporting participation has obvious physical, social and psychological benefits (Eime 
et al., 2013) but also contains significant musculoskeletal injury risk (Bahr and Holme, 
2003). An anterior cruciate knee ligament (ACL) rupture is one of the most common 
and costly injuries in sport (Domire et al., 2011). The lifetime cost of ACL tears in the 
U.S. has been estimated to be $7.6 billion annually when treated surgically and $17.7 
billion when treated with rehabilitation (Mather et al., 2013). At 10 to 20 years after the 
diagnosis of an ACL rupture, on average, 50% of those with an ACL or meniscal tear 
have osteoarthritis with associated pain and functional impairment (Englund et al., 
2003, von Porat et al., 2004, Ratzlaff and Liang, 2010). Sex differences in ACL injury 
have been demonstrated with females demonstrating a higher incidence of ACL 
injuries than males (Malone et al., 1993). Sporting injuries, such as ACL injuries, tend 
to occur later in sporting events indicating fatigue as a potential contributing factor to 
these injuries (Hawkins et al., 2001). 
 
Previous neuromuscular based interventions have been successful in reducing ACL 
injury rates (Hewett et al., 2006, Soligard et al., 2008, 2010, Longo et al., 2012, Steffen 
et al., 2013) however, ACL injury occurrence continues to be significant (Joseph et al., 
2013, Silvers-Granelli et al., 2015). Therefore, developing a deeper understanding of 
the potential factors that may contribute to sporting injuries remains important. This 
could facilitate more specific, individually targeted injury prevention programmes to 
reduce injury prevalence. The broad aim of this thesis was to progress our 
understanding of the neuromechanics of joint stability and possible injury mechanisms 
by investigating the interactions between neuromuscular function and balance 
perturbations as well as the influence of sex and fatigue on these variables and/or their 
underpinning determinants e.g. muscle morphology or neural drive. New knowledge 
of the neuromechanics of joint stability may inform the development of future, novel 
injury prevention programmes.  
 
ACL injuries occur very rapidly, within 50 ms of landing from a jump (Krosshaug et al., 
2007b, Koga et al., 2010), and therefore the speed at which the neuromuscular system 
can produce force, deemed explosive force/torque or rate of force/torque development 
(RFD/FTD), may be important in attempting to prevent such traumas. During isometric 
tasks, maximal muscular torque is achieved after >300 ms of contractions, and 
therefore explosive torque production is considered more important when the time to 
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develop force is limited to <200 ms (Aagaard et al., 2002, Wilhelm et al., 2013). 
Accordingly, when investigating potentially injurious situations explosive torque may 
be more relevant e.g. restabilising the body from a loss of balance (Kawamori and 
Haff, 2004, Tillin and Folland, 2013), however, this area has not been extensively 
researched. The ability to produce torque in an explosive manner has been 
investigated in the literature previously but mostly in the quadriceps muscle (Aagaard 
et al., 2002, Folland et al., 2013, Thompson et al., 2013). However, the relationship of 
maximal and explosive torque between different muscle groups has not been 
investigated. The relationship of these strength parameters between the knee 
extensors (KE) and plantar flexors (PF) may be useful considering the importance of 
both muscle groups in sporting performance and their potential contribution to sporting 
injuries (Domire et al., 1996, Jaric et al., 1996, Finni et al., 2000, Fleming et al., 2001, 
Elias et al., 2003, Adouni et al., 2015). The examination of differences and 
relationships between lower limb muscle groups may identify the extent to which 
explosive capacity is highly muscle group specific as opposed to a systemic common 
trait shared by muscle groups and thus perhaps determined on a whole-body level. 
Elucidating the commonality or specificity of explosive torque production of largely 
synergistic muscle groups, may facilitate more accurate characterization of an 
individual’s neuromuscular performance for talent identification, training monitoring 
and injury screening. Therefore, the aim of chapter 3 was to investigate the 
relationship between isometric strength parameters, maximum voluntary torque (MVT) 
and explosive voluntary torque (EVT), of the KE and PF muscle groups.  
 
Sporting injury rates of the knee are higher in females than males (Loes et al., 2000). 
Specifically, females have been widely demonstrated to have a higher risk of anterior 
cruciate knee ligament (ACL) injury (Arendt and Dick, 1995, Myklebust et al., 2003) 
whilst males have a higher risk of hamstring strain injury (Satterthwaite et al., 1999, 
Edouard et al., 2016). The sex discrepancy in ACL injury risk is particularly substantial, 
with young women demonstrating a 3 to 5 times higher risk of ACL injury than men 
when participating in agility sports e.g. basketball, soccer, volleyball (Lohmander et 
al., 2007). Various anatomical (Hoshikawa et al. 2011, Sturnick et al., 2015), 
biomechanical (Griffin et al., 2006, Koga et al., 2010) and neuromuscular control 
(Hewett et al., 2005) differences between sexes have been strongly suggested as 
contributing to females’ higher susceptibility to ACL injuries. As the ability to produce 
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torque rapidly may be important to prevent sporting injuries (Zebis et al., 2011), sex 
differences in this ability may be of paramount importance. As the KE and PF 
contribute to tibial translation and ACL mechanics (Elias et al., 2003, DeMorat et al., 
2004, Adouni et al., 2015), investigating sex differences in maximal and explosive 
torque of these muscle groups (KE and PF) may be beneficial regarding injury 
mechanisms. Therefore, chapter 4 aimed to investigate sex differences in MVT and 
EVT of the KE and PF. 
 
Possible differences in the morphology of knee joint muscles between the sexes has 
received relatively little attention and could play a significant role in the injury 
disparities between the sexes. A commonly cited contributor to the sex discrepancy in 
injury rates is the observation that females have a lower hamstrings-to-quadriceps 
(H/Q) strength ratio than males (Hewett et al., 2008, Andrade et al., 2012, Hannah et 
al., 2015, El-Ashker et al., 2015) which is thought to reflect reduced capacity for 
muscular stabilisation of the knee (Aagaard et al., 1998, Myer et al., 2009). The greater 
H/Q strength ratio of males vs females does not appear to be accounted for by 
differences in neural drive to the quadriceps and hamstrings muscles, and therefore 
females may simply have disproportionately smaller hamstring muscles (Hannah et 
al., 2015). Whilst it is well known that females have smaller muscles than males the 
relative size of these muscles has not been examined. Disproportionately smaller 
hamstring muscles in females (i.e. low H/Q size ratio) might represent a fundamental 
anatomical difference between the sexes, that would be expected to result in a low 
H/Q strength ratio (Evangelidis et al., 2016). Therefore, the aim of chapter 5 was to 
investigate knee joint muscle morphology, specifically absolute, and proportional, size 
of individual knee extensor and flexor muscles, as well as overall size and balance 
(size ratio) of these muscle groups, between sexes.  
 
Many sporting injuries occur due to an unexpected perturbation (Krosshaug et al., 
2007b), that challenges our ability to maintain a balanced stable posture. Whilst there 
is some evidence that explosive athletes respond more effectively to platform 
perturbations than endurance athletes (Johnson and Woolacott, 2011) there has been 
minimal research into the relationship between neuromuscular measures of explosive 
torque and response to perturbation. Higher RTD/RFD has been found to correlate 
with static balance performance (Izquierdo et al., 1999), to discriminate for risk of falls 
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in older adults (Chang et al., 2005, Pijnappels et al., 2008, Bento et al., 2010) and 
recent research has found significant relationships between explosive force over the 
first 50 ms and sway index (Palmer et al., 2014). This would suggest that the ability to 
produce torque explosively may be related to balance performance abilities. However, 
sports injuries such as ACL tears occur in dynamic, unpredictable situations and often 
involve unexpected perturbations due to collision or impact (Krosshaug et al., 2007b, 
Malfait et al., 2015). Therefore, relationships between explosive force and static 
balance measures do not address the ability to respond to the unexpected dynamic 
perturbations that occur within sports. Accordingly, chapter 6 investigated the 
relationship between explosive torque measures of the KE and PF and whole-body 
response to unexpected perturbations.  
 
Many sporting injuries occur towards the end of sporting competition, such as during 
the last 15 minutes of a soccer match (Hawkins et al., 2001, McLean et al., 2009). This 
increased injury rate later in a game may in part be due to fatigue, which has been 
proven to reduce both neuromuscular torque capacity (Minshull et al., 2007, 2012, 
Cohen et al., 2015) and balance/ sensorimotor response (Greig and Walker-Johnson, 
2002, Springer and Pincivero, 2009, Clarke et al., 2015). Our capacity to generate 
muscular torque, particularly explosive muscular torque, may be particularly reduced 
by fatigue (Buckthorpe et al, 2014) and could limit the ability to respond to 
perturbations and prevent injury. Explosive torque of the hamstrings and quadriceps 
may be of paramount importance considering their role in active stabilisation of the 
knee (Hewett et al., 2008, Myer et al., 2009) and previous anecdotal findings have 
suggested that a reduced explosive H/Q ratio may predispose to ACL injury (Zebis et 
al., 2011). The effects of fatigue on the explosive H/Q ratio (Greco et al., 2013) and 
on the response to unexpected perturbations has received very little attention in the 
literature and requires further exploration. Consequently, chapter 7 investigated the 
effect of football simulated fatigue on explosive hamstring to quadriceps torque ratio, 
and the response to dynamic unexpected balance perturbation. 
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Thesis Structure  
• Chapter 3 investigated the relationship between isometric strength parameters 
(MVT and EVT) of the KE and PF muscle groups. It was hypothesised that the 
strength parameters of these muscle groups would be related. 
• Chapter 4 investigated sex differences (males vs females) in KE and PF muscle 
function, specifically MVT and EVT. It was hypothesised that males would 
produce greater absolute torques, greater torques relative to body mass, but 
with no sex difference in the ability to express the available torque generating 
capacity explosively i.e. EVT normalised to MVT. 
• Chapter 5 investigated knee joint muscle morphology, specifically absolute and 
proportional size of individual knee extensor and flexor muscles, as well as 
overall size and balance (size ratio) of these muscle groups, between sexes. It 
was hypothesised that males would have a significantly larger KF:KE muscle 
size ratio. 
• Chapter 6 investigated the relationship between explosive torque measures of 
the KE and PF and whole-body response to unexpected perturbations. It was 
hypothesised that greater explosive muscular torque would be related to 
superior COM response (lower displacement/velocity of COM relative to the 
base of support) to unexpected perturbations.  
• Chapter 7 investigated the effect of football simulated fatigue on explosive 
hamstring to quadriceps torque ratio, and the response to dynamic unexpected 
balance perturbations. It was hypothesised that fatigue would reduce the 
explosive hamstrings to quadriceps torque ratio, and produce an inferior 
balance response to unexpected perturbations. 
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2.1 Sporting Injury 
 
2.1.1 Introduction 
Physical activity and exercise are important for individuals for a myriad of health 
reasons (Garber et al., 2011). Sporting participation in particular, has obvious physical, 
social and psychological benefits (Eime et al., 2013). However, sporting participation 
also contains significant musculoskeletal injury risk that can lead to permanent 
disability (Bahr and Holme, 2003). Sporting injuries comprise a significant percentage 
(up to 17%) of acute injuries seen in the emergency room (de Loes, 1990); up to 3.7 
million sport injuries present to the emergency department per year in the USA (Burt 
and Overpeck, 2001). These emergency department presentations likely only 
representing the “tip of the iceberg” of sporting injuries (Boyce and Quigley, 2004). 
Sporting injury risk varies in how it is reported in epidemiological studies (Phillips, 
2000, Carter et al., 2011), some studies reporting injury rates per 1000 athlete 
exposures (Hootmann et al., 2007), others reporting injuries per 100 athletes per year 
(Emery and Tyreman, 2009), while other studies report injuries per 1000 hours 
(Hagglund et al., 2003, Moore et al., 2015). Despite the lack of consistency in 
quantification, the significance of sporting injury is clear and the socioeconomic impact 
has been well documented (de Loes, 1990, Verhagen et al., 2005, Cumps et al., 2008). 
Within football, particularly, hamstring strain injuries (Hagglund et al., 2003, Woods et 
al., 2004, Ekstrand et al., 2011) and anterior cruciate ligament injuries (Walden et al., 
2011) comprise a significant proportion of recorded injuries and require further 
investigation to aid in improved prevention strategies. 
 
2.1.2 Anterior Cruciate Ligament Injury 
An anterior cruciate knee ligament (ACL) rupture is one of the most common and 
costly injuries in sport (Domire et al., 2011). The lifetime burden of ACL tears in the 
U.S. has been estimated to be $7.6 billion annually when treated with surgical repair 
and $17.7 billion when treated with rehabilitation (Mather et al., 2013). This injury has 
significant impact on playing time during a sporting career and can have a devastating 
effect on long term quality of life (Yu and Garrett, 2007).  
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2.1.3 ACL Injury Mechanism 
ACL injuries occur in sports and exercise during situations like landing, side cutting, 
unexpected perturbations such as collision with an opponent, and deceleration 
(Krosshaug et al., 2007b, Gehring et al., 2009, Zebis et al., 2009, Hashemi et al., 2010, 
Koga et al., 2010). The mechanism of ACL rupture is multifaceted, varied and 
continues to require further understanding. This injury mechanism has been described 
in the literature as involving: anterior shear force of the contraction of the quadriceps 
resulting in significant anterior translation of the tibia in low knee flexion angles, valgus 
collapse due to abduction of the distal tibia (as demonstrated in Figure 2.1) or 
tibiofemoral internal/ external rotation, internal tibia rotation, combined valgus and 
anterior shear, combined valgus and internal tibial torque, valgus, anterior tibial shear 
and axial torque around the long axis of the tibia (Hame et al., 2002, DeMorat et al., 
2004, Hewett et al., 2004, 2005, Griffin et al., 2006, Yu and Garrett, 2007, Serpell et 
al., 2012, Hashemi et al., 2011).  
 
Figure 2.1. Dynamic valgus position of the knee from Hewett et al., 2005. 
Chapter 2: Literature Review 
	
	 10	
Analysis of previous ACL injuries has provided worthwhile information regarding the 
mechanics of the injury. Video analysis of ACL injuries revealed valgus loading on a 
relatively extended knee (15-40 degrees) to be a potential causative factor (Krosshaug 
et al., 2007a). Krosshaug et al. (2007b) progressed this research to visually inspect 
39 cases (17 male and 22 female) of ACL ruptures in basketball players. There was 
contact at the presumed point of injury in 11 of 39 cases; four were direct blows to the 
knee. 11 of 22 female cases were collisions or an opponent pushed the player before 
the time of injury (unexpected perturbation). The estimated time of injury based on 
group mean ranged from 17 to 50 ms after ground contact. Female players landed 
with significantly more knee and hip flexion and had 5.3 times higher relative risk of 
sustaining valgus collapse than male players. This knee valgus collapse (a 
combination of hip internal rotation and knee valgus) occurred in 9 of 17 female cases 
but was only observed in 2 male cases. Later research has confirmed the importance 
of valgus loading in ACL injury analysis, and the importance of initial internal tibial 
rotation coupled with valgus motion in female ACL injury cases (Koga et al., 2010). 
This agreed with previous research demonstrating that female athletes who tended to 
land with increased dynamic valgus and high abduction loads were at increased risk 
of ACL injuries (Hewett et al., 2005). Koga et al. (2010) also confirmed ACL 
mechanism timing, finding the ACL rupture was estimated to occur within 40 ms of 
initial contact. This increased understanding of the timing of ACL injuries and the 
factors associated with the mechanism should help direct future research aimed at 
prevention strategies.  
 
2.1.4 Sex Differences in ACL Injury 
Sex differences have been demonstrated in relation to sports injury risk. Females have 
been shown to have a higher general risk of sports injury (Fulstone et al., 2016, 
Gescheit et al., 2017, Khodaee et al., 2017) and females participating in high-risk 
sports, such as soccer and basketball, have a 4 to 6-fold increased risk of ACL tear 
than male athletes (Arendt and Dick, 1995, Myer et al., 2009). These differences are 
due to a complex interaction of variables, such as hormonal, anatomical, 
biomechanical and neuromuscular (Griffin et al., 2006, Hashemi et al., 2010). Females 
have been shown to demonstrate different muscle activation patterns during landing, 
such as delayed activation of the lateral hamstring and the vastus medialis during the 
preparatory phase of the landing (Gehring et al., 2009). Potentially, a balance of 
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medial to lateral muscle control of the knee may be necessary as medial joint 
compression may protect against ACL rupture by avoiding excessive abduction of the 
tibia in relation to the femur (Gehring et al., 2009). Female athletes who have ruptured 
their ACL have been found to have 8 degrees greater knee abduction angle and 2.5 
times greater knee abduction moments during a jump landing task than uninjured 
athletes (Hewett et al., 2008).  This disparity in neuromuscular control of the knee 
between genders may occur during puberty and maturation (Seger and Thorstensson, 
2000, Hewett et al., 2004, Myer et al., 2009). After maturation, female athletes have 
been demonstrated to land with greater knee medial rotation and greater maximal 
valgus angle; female athletes have also been found not to progress as significantly as 
male athletes in muscle control, strength or co-ordination during adolescence (Hewett 
et al., 2004). Alongside many complex interacting factors, increased knee valgus 
angle in females and sex differences in neuromuscular control may contribute to 
explaining increased ACL risk in females. The evidence for sex differences in these 
injuries is unambiguous, however, further investigations to more thoroughly 
understand the contribution of neuromuscular factors to these sex differences would 
be beneficial. 
 
2.1.5 Risk of Osteoarthritis Post Traumatic Knee Injury 
At 10 to 20 years after the diagnosis, on average, 50% of those with a diagnosed ACL 
or meniscal tear have osteoarthritis (OA) with associated pain and functional 
impairment: the young patient with an old knee (Ratzlaff and Liang, 2010). It has been 
estimated that an ACL injury ages the knee 30 years and individuals who suffer a knee 
injury are at a more than 5-fold greater increase of developing OA (Gelber et al., 2000). 
OA development in the injured joints is proposed to be caused by intra- articular 
pathogenic processes initiated at the time of injury combined with long- term changes 
in dynamic loading of the joint (Lohmander et al., 2007).  This population make up a 
substantial proportion of the overall osteoarthritis population and symptomatic OA in 
these younger patients remain a profound and unsolved treatment challenge 
(Lohmander et al., 2007).  
 
The markedly increased risk of OA following an ACL tear or meniscal tear has been 
well documented in the literature. A large cohort of male soccer players were followed 
up 14 years following an ACL injury and degenerative radiographic changes were 
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found in 95 (78%) of the injured knees (von Porat et al., 2004). More advanced 
changes consistent with Kellgren-Lawrence grade 2 or higher (joint space narrowing 
and presence of oseteophytes) were seen in 50 knees (41%) (von Porat et al., 2004). 
Lohmander et al. (2007) investigated female soccer players 12 years post ACL 
rupture; 75% reported having significant symptoms affecting their knee related quality 
of life and 42% were considered to have symptomatic radiographic knee OA. Similar 
evidence has been documented for meniscal tears of the knee. Englund et al. (2003) 
investigated patients with intact ACLs who had undergone meniscectomy an average 
of 16 years earlier, radiographic tibiofemoral OA was present in 66 index knees (43%) 
of which 39 (59%) were considered to be symptomatic. The relative risks for combined 
radiographic OA and symptomatic OA after degenerative and traumatic types of 
meniscal tear were 7.0 and 2.7 respectively compared with matched controls. Roos et 
al. (1998) had similar findings after following a large cohort who 21 years previously 
underwent an open meniscectomy due to an isolated meniscal tear, mild radiographic 
changes were found in 76 (71%) of the experimental knees while more advanced 
changes were seen in 51 (48%). The corresponding prevalence values in the control 
group were 12 (18%) and 5 (7%) respectively. The relative risk (RR) for the presence 
of the more advanced radiographic changes representing definite radiographic 
tibiofemoral OA was 14.0 using age and sex matched pairs for comparison. This body 
of literature clearly illustrates the increased risk of OA post traumatic knee trauma; 
concerted efforts must continue to identify novel factors that may contribute to these 
injuries to aid in future, innovative preventative strategies.   
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2.2 Dynamic Knee Joint Stability 
 
2.2.1 Introduction 
Joint stability refers to the capacity to maintain the relative displacement between 
articulating bones within a joint’s physiological range (Solomonow and Krogsgaard, 
2001). Geometry of the contacting surfaces, such as the interaction between the 
femoral condyles and tibial plateau in the knee joint, contribute much towards joint 
stability and can increase resistance to excessive movement between articulating 
bones (Hashemi et al., 2008, Masouros et al., 2010). The preservation of knee joint 
stability is also determined by the interaction between the passive joint structures (e.g. 
ligaments, joint capsule) and the dynamic joint stabilisers (musculature) (Solomonow 
and Krogsgaard, 2001). The anterior cruciate ligament (ACL) is the principle 
ligamentous restraint to anterior tibiofemoral displacement, the ACL also assists in 
resisting tibiofemoral rotation and varus-valgus motions (Butler et al. 1980, Markolf et 
al. 1990). The mechanism resulting in an ACL rupture is proposed to be a momentary 
loss of adequate protective muscle support (i.e. inadequate magnitude of force 
production or inadequate timing of muscular force) at an instant of significant joint 
loading, increasing reliance on the passive joint structures (i.e. ACL) in maintaining 
the integrity of the knee joint (Hashemi et al. 2011). As previously mentioned, most 
ACL injuries occur during non-contact mechanisms (Krosshaug et al., 2007b, Koga et 
al., 2010), it appears that the loads placed on the knee during intensive exercise are 
sufficient to cause ACL rupture. This suggests that the musculature is important in 
maintaining the integrity of the joint and protecting the passive restraints from injury 
(Hashemi et al., 2011). Therefore, without the action of muscle contraction, the passive 
structures (ligaments) could be exposed to potentially detrimental forces.  
 
2.2.2 Neuromuscular Function and Dynamic Joint Stability 
It has been suggested that the greater the load on a joint, the greater the muscle force/ 
active stabilization must be produced to avoid excessive joint displacement (McGill 
and Cholewicki, 2001). Large external knee joint loads during sport (Hewett et al., 
2005) must be counteracted by sufficient neuromuscular control to protect the joint 
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from excessive tibio-femoral movements, thereby preventing joint damage and injury 
(Malfait et al., 2015). A stronger muscle may, therefore have greater capacity to resist 
the displacement of a joint and consequently, prevent large loads on passive 
(ligamentous) restraints (Solomonow and Krogsgaard, 2001). Various prospective 
studies have identified strength imbalances as increasing the risk of sports injuries 
(Baumhauer et al., 1995, Tyler et al., 2001, Croisier et al., 2008). The link between 
neuromuscular function and injury occurrence has resulted in numerous screening 
and intervention based trials focusing on neuromuscular factors. 
 
Neuromuscular screening identifying specific neuromuscular deficits have been found 
to be predictive of ACL injury (Hewett et al. 2005). Zebis et al. (2009) followed a female 
sporting cohort for two seasons and found those with an altered EMG pattern (reduced 
EMG pre-activity of the semitendinosus and elevated EMG pre-activity of the vastus 
lateralis) were at an increased risk of suffering a non-contact ACL injury. Zebis et al. 
(2011) later investigated explosive hamstrings to quadriceps torque (H/Q ratio) in 23 
elite soccer players (11 women, 12 men). Athletes were assessed on maximum 
voluntary contraction (MVC) and rate of force development (RFD) of quadriceps and 
hamstrings. RFD up to 50 ms showed lower hamstrings to quadriceps (H/Q) ratio than 
MVC H/Q ratio. This demonstrated a reduced ability to stabilise the knee during the 
initial phase of the contraction. Two females, both with a markedly low H/Q RFD, but 
normal MVC ratio, both sustained ACL ruptures in subsequent seasons. These two 
injured females had 37 and 48% lower H/Q RFD at 50 ms compared to the female 
group mean. Although no conclusions can be made based on 2 individuals it could be 
proposed that RFD H/Q may be important for dynamic knee stabilisation during rapid 
soccer movements.  
 
Many trials involving varied neuromuscular based interventions have been successful 
in reducing sports injury risk (Hewett et al., 2006, Hibbert et al., 2008, Leppanen et al., 
2014). Lauersen et al. (2013) conducted a systematic review with a meta-analysis on 
exercise interventions to prevent sports injuries. They found no benefit for stretching 
exercises but favourable outcomes for proprioception exercises and strength training 
especially. They concluded that strength training reduced sports injuries to less than 
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1/3 and overuse injuries could be halved. Additional to the success of interventions 
utilising strength based exercises (Gilchrist et al., 2004, Mandelbaum et al., 2005, 
LaBella et al., 2011, Petersen et al., 2011) many other trials have demonstrated 
positive outcomes on reducing sports injury risk with balance/ co-ordination based 
exercises (Caraffa et al., 1996, Myklebust et al., 2003, Emery et al., 2005, 2007, 
McGuine and Keane, 2006, Mohammadi, 2007, Hupperets et al., 2009), plyometrics, 
or a combination (Hewett et al., 1999, Heidt et al., 2000, Wedderkopp et al., 2003, 
Gilchrist et al., 2008, Emery and Meeuwisse, 2010) of these interventions. An example 
of the combination of neuromuscular based interventions is the FIFA 11+ series of 
trials, combining strengthening, balance/ co-ordination exercises and plyometrics, 
which is demonstrating very promising results in reducing sporting injuries 
(Mandelbaum et al., 2005, Gilchrist et al., 2008, Soligard et al., 2008, 2010, Longo et 
al., 2012, Steffen et al., 2013, Silvers-Granelli et al., 2015). An RCT by Soligard et al. 
(2008) implemented the FIFA 11+ in a large cohort (n = 1892) of female youth 
footballers and found a significantly lower risk of any injury, overuse injury and severe 
injury in the intervention group compared to the control group. An earlier trial by 
Mandelbaum et al. (2005) using the same intervention followed a female cohort of 
1041 and reported large decreases in ACL injuries specifically. In one season (2000) 
they reported an 88% decrease in ACL injuries in the intervention group compared to 
the control group and in the following season, a 74% reduction in ACL injury in the 
intervention group compared to the age- and skill- matched control group. These 
findings, that enhancing neuromuscular performance reduces ACL injury risk and 
deficits in neuromuscular performance may predict ACL injuries, strongly indicate that 
superior neuromuscular performance is associated with an improved capacity to 
dynamically stabilise the joints during potentially injurious sporting participation. 
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2.2.3 Maximal and Explosive Isometric Strength as Measures of 
Neuromuscular Function 
Strength is the capacity of the muscle, or group of muscles, to produce force in a given 
situation (Knuttgen and Komi, 1992). Strength can be measured in many ways 
experimentally, such as the maximum weight that can be lifted for one repetition (1RM) 
(Reynolds et al., 2006, Kernozek et al., 2008), maximum voluntary torque produced 
isokinetically (Small et al., 2010, Delextrat et al., 2010, Cohen et al., 2014, Coratella 
et al., 2015) or the maximum voluntary torque/force (MVT/ MVF) produced 
isometrically during a maximum voluntary contraction (MVC) (Figure 2.2) (Tillin et al., 
2011, Buckthorpe et al., 2014, Folland et al., 2014, Hannah et al., 2014). Low to 
moderate reliability for maximal isokinetic measures have been demonstrated 
(Impellizeri et al., 2008) compared to superior reliability being previously demonstrated 
for maximal isometric measures (Tillin et al., 2011, 2013, Buckthorpe et al., 2012). 
Furthermore, isometric conditions control for the confounding variables of joint angle 
and angular velocity changes (Maffiuletti et al., 2016), therefore, isometric conditions 
will be discussed hereafter in this review. However, the reduced ecological validity of 
assessing muscle function in a non-dynamic contraction is recognised.  
 
Muscle force/ torque is dictated by the number of motor units (motor neuron and the 
muscle fibers it innervates) activated/ recruited and how frequently these motor units 
are activated (Robertson et al., 2014). As the motor unit fires at faster rates, it 
produces an increasing amount of muscular force/ torque (Robertson et al., 2014). 
Electromyography (EMG), by measuring the electrical activity of a muscle, allows the 
quantification of these fundamental processes for muscular force/ torque production.  
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                 0             2           4            6  
                             Time (s) 
Figure 2.2. Sample of a torque time curve during an isometric maximum voluntary 
contraction (MVC) 
 
From initiation of isometric contraction to achieving maximal torque can take over 300 
ms (Aagard et al., 1998, 2002). As previously mentioned sporting injuries occur very 
rapidly, with reports of < 50 ms from initial contact (Krosshaug et al., 2007b, Koga et 
al., 2010). Therefore, due to its functional relevance, measuring explosive strength 
has become increasingly popular in the literature. Explosive strength is the ability to 
rapidly exert muscular force/torque (Aagaard et al., 1998, Tillin et al., 2011, Hannah 
et al., 2014). To measure the sigmoidal shape of the force-time curve explosive torque 
can be measured over a series of consecutive windows as rate of force/ torque 
development (RFD/RTD) (Folland et al., 2014, Massey et al., 2017) or explosive 
voluntary torque (EVT) can be measured at discrete time points during an explosive 
voluntary contraction (EVC) (Figure 2.3) (Tillin et al., 2011, Hannah et al., 2014, 
Balshaw et al., 2016). Assessment during consecutive time windows or at different 
time points is critical as the contribution of different physiological parameters may 
change throughout the rising torque-time curve (Anderson and Aagaard, 2006, Folland 
et al., 2014). For a given time point or time window, greater torque or RTD indicates 
greater explosive performance.  
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              0       50     100       150  
                         Time (ms) 
Figure 2.3. Sample of a torque time curve during an explosive voluntary contraction 
(EVC) including discrete time points (50, 100, 150 ms), or RTD time windows (0-50, 
50-100, 100-150 ms) 
 
The significant effect of muscle size on maximal muscle strength has been well 
established (Gans, 1982, Raty et al., 1999, Blazevich et al., 2009, O’Brien et al., 2009, 
Akagi et al., 2012, 2014, Evangilidis et al., 2016, Trezise et al., 2016). However, the 
determinants of explosive force/ torque have only recently been investigated. The 
neural and contractile determinants of explosive torque were examined by Folland et 
al. (2013) in 40 untrained individuals in the KE. The determinants of explosive force/ 
torque were found to vary throughout the contraction. The primary determinants of 
early explosive torque (0-50 ms, 50-100 ms) in the quadriceps were explained by 
quadriceps EMG and twitch and octet force (electrically evoked contractions). The 
relationship between EVT and MVT consequently increased as the contraction 
progresses, with MVT being found to be the primary determinant of explosive torque 
from 100-150 ms. Consistent with these findings, MVT was previously found to 
account for 80% of variance in EVT from 150-250 ms and to explain less than 30% of 
the explained variance for early phase EVT (< 50 ms) (Anderson and Aagaard, 2006).  
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Measuring EVT is less reliable than measuring MVT (MVF: ICC 0.95, CVW 3.3%; Force 
50 ms: ICC 0.80, CVW 16.6%; Force 100 ms: ICC 0.91, CVW 6.4%; Force 150 ms: ICC 
0.90, CVW 5.1%, Buckthorpe et al., 2012), therefore very strict experimental conditions 
must be adhered to ensure optimal measurement with regard to validity and reliability. 
Utilising the optimal dynamometry set-up for measuring MVT/EVT is of paramount 
importance. Certain dynamometers allow compliance and distensibility which 
facilitates undesirable changes in joint angles and velocity, as well as force dissipation 
and attenuation during contraction (Maffiuletti et al., 2016). Some compliance is 
unavoidable due to soft tissue compression but dynamometer compliance can be 
alleviated by ensuring mechanical rigidity and the ability to restrain and minimize joint 
movement (Maffiuletti et al., 2016). Commercial dynamometers have been 
demonstrated to allow >15 degrees of knee angle change during isometric knee 
extension (Tsaopulos et al., 2007) while rigid custom built dynameters can minimize 
knee angle change to 4 degrees during isometric contractions (Folland et al., 2014). 
Consequently, using custom built dynamometers (Figure 2.4) or customising 
commercial dynamometers has been recommended for minimal compliance 
(Maffiuletti et al., 2016).  
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Figure 2.4. Custom-built dynamometer for measuring isometric knee extension 
force/torque. 
 
Low baseline noise amplitude will improve the accuracy of measurement, particularly 
contraction onset and the early phase of explosive torque measurement (Maffiuletti et 
al., 2016). To ensure maximal torque and consistent maximal rate of torque/ explosive 
torque verbal instruction is vital, alongside visual feedback and sufficient 
familiarisation (Sahaly et al., 2001, Tillin et al., 2010, Folland et al., 2014, Maffiuletti et 
al., 2016). To safeguard reliable measures of explosive torque pre- tension (active 
tension in the muscle prior to contraction onset, Figure 2.5) and countermovement (an 
initial antagonist torque production, Figure 2.6) should be strictly monitored and 
discarded if present prior to any contraction due to their deleterious effect on explosive 
torque measurement (de Ruiter et al., 2006, Blazevich et al., 2009, Tillin et al., 2010).  
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Figure 2.5. Sample force time curve demonstrating pre-tension prior to contraction 
onset 
 
Figure 2.6. Sample force time demonstrating a counter movement prior to contraction 
onset. 
 
Utilising these consistent methodological procedures have been shown to be reliable 
for explosive torque measurement in the knee extensors (Buckthorpe et al., 2012) and 
plantar flexors (Clark et al., 2007), while still displaying less reliability than MVT 
measures (Tillin et al., 2010, 2011).  
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Explosive torque has been measured in various populations, including but not limited 
to: untrained healthy adults (Aagaard et al., 2002, Andersen and Aagaard, 2006, Tillin 
and Folland, 2013), trained adults (Zebis et al., 2011, Tillin et al., 2012, Palmer et al., 
2014), knee OA patients (Winters and Rudolph, 2014), ACL patients (Angelozzi et al., 
2012, Kline et al., 2015) and elderly individuals (Izquierdo et al., 1999, Pijnappels et 
al., 2008, Bento et al., 2010, Sundstrup et al., 2010, Allison et al., 2013). Explosive 
torque has been demonstrated to be a predictor of athletic performance (de Ruiter et 
al., 2006, Tillin et al., 2010, Tillin et al., 2013). However, much of this previous research 
has been on the explosive performance of one individual muscle group in isolation, 
without comparing explosive torque performance between different muscle groups 
using the same methodology. As explosive torque has not been compared between 
different muscle groups, it is not currently clear whether explosive torque production 
in one muscle group is specific to that muscle group alone, or can be generalised to 
all muscle groups within individuals. Understanding differences and relationships 
between muscle groups may allow more accurate conclusions when comparing 
various studies that have investigated different individual muscle groups between 
populations (e.g. explosive torque of muscle groups between the sexes; knee flexors 
(Blackburn et al., 2009); knee extensors (Hannah et al., 2014); plantar flexors (Behm 
and Sale, 1994)) as certain neuromuscular characteristics appear to be muscle group 
dependent (Hunter, 2009, Avin et al., 2010). Regarding knee joint stability, 
investigating explosive neuromuscular function of the plantar flexors/ triceps surae is 
of particular importance. The plantar flexors have two opposing effects on the tibia in 
weight bearing. The gastrocnemius can cause an anterior tibial translation (Adouni et 
al., 2015) while the soleus causes a posterior tibial translation by producing a moment 
that rotates the tibia with respect to the ankle, thereby shifting the proximal tibia 
posteriorly at the knee joint (Elias et al., 2003). It would be pertinent for future 
investigations pertaining to knee joint stability to include the plantar flexors alongside 
the thigh musculature. 
 
An important element of explosive muscular performance is electromechanical delay 
(EMD). This is the time delay between the onset of electrical activity at the muscle, 
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detected using EMG, and the onset of force generation (Norman and Komi, 1979, Tillin 
et al., 2012, Hannah et al., 2014). Recent estimates of EMD consist of a wide range 
from ~16 – 50 ms for various lower limb muscles (Zhou et al., 1995, Minshull et al., 
2007, Tillin et al., 2010). Shorter EMD would theoretically enhance explosive 
performance by decreasing the neuromuscular response time to a stimulus, potentially 
enhancing the response to an injurious threat e.g. loss of balance, unexpected 
perturbation (Minshull et al., 2007, Pijnappels et al., 2008, Blackburn et al., 2009). 
Shorter EMD could potentially facilitate a more rapid level of adequate stabilising 
muscle force, reducing unrestrained and potentially damaging forces to the passive 
joint structures and enhancing dynamic joint stability.  
 
2.2.4 Neuromuscular Function and Balance Performance  
Increased postural sway has been demonstrated to be associated with sporting 
injuries in different populations (Tropp et al., 1984, Wang et al., 2006) whilst balance 
training has been shown to be effective in reducing sports related injury (Caraffa et al., 
1996, Emery et al. 2005, 2007, McGuine and Keane, 2006, Mohammadi, 2007, 
Hupperets et al., 2009). These findings have resulted in a proposed potential link 
between balance performance and sporting injury risk (Granacher et al., 2010). There 
have been conflicting outcomes on the relationship between maximal muscle torque 
and balance measures (Lee et al., 2009, Muelbauer et al., 2013, Lee et al., 2015). 
This may be due to the rapid speed at which sporting injuries occur and the limited 
time available to re-stabilise the body to avoid injury following a loss of balance/stability 
(Gruber et al., 2007, Koga et al., 2010, Domire et al., 2011), therefore, the ability to 
produce force rapidly may be of more importance than maximal strength to prevent 
consequent injuries. As mentioned, maximal strength explains less than 30% of the 
explained variance for early phase EVT (< 50 ms) (Anderson and Aagaard, 2006). 
However, the relationship between neuromuscular measures of explosive torque and 
balance performance has not been thoroughly investigated. Higher RTD values have 
previously been found in elderly non- fallers compared to fallers (Bento et al., 2010, 
Pijnappels et al., 2008), suggesting higher RTD might improve the ability to recover 
balance and may be an important measure for falls prevention. RTD measures have 
also been shown to predict the results of clinical tests that challenge lateral stability 
(Chang et al., 2005) and found to correlate significantly with balance measures in 
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elderly subjects (Izquierdo et al., 1999). Similar research has found significant 
relationships between explosive torque and superior balance performance (Jakobsen 
et al., 2011) and greater postural balance has been demonstrated in elderly soccer 
players with higher explosive torque compared to matched non-athletes (Sundstrup et 
al., 2010). Recent research has found significant relationships (r = -0.559, P = 0.010) 
between explosive force over the first 50 ms and sway index (Palmer et al., 2014) with 
higher explosive torque relating to a lower postural sway index. Similarly, Ema et al. 
(2016) found normalised RTD of the PF was negatively correlated with centre of 
pressure displacement at 30, 50, 100 and 150 ms. The effect of balance or 
sensorimotor training has also been demonstrated to improve RFD/RTD. Gruber and 
Gollhofer (2004) found that 4 weeks of balance/ sensorimotor training improved the 
RFD of the quadriceps. Gruber et al. (2007) confirmed this beneficial effect of balance 
training on RFD in young adults and this was reinforced by Granacher et al. (2010) in 
high school students. These results, that balance training improves explosive torque 
and that explosive muscular torque is related to balance performance/ stability, would 
suggest that greater lower limb explosive torque production might improve the ability 
to recover balance and may be an important measure for falls or injury prevention 
(Bento et al., 2010, Sundstrup et al., 2010, Jakobsen et al., 2011). Many of these 
studies used a relatively static balance measure. However, sports injuries such as 
ACL tears occur in dynamic, unpredictable situations and often involve unexpected 
perturbations due to collision or impact (Krosshaug et al., 2007b, Malfait et al., 2015). 
Therefore, relationships between explosive force and static balance measures do not 
address the ability of the body’s centre of mass to respond to the unexpected dynamic 
perturbations that occur within sports. Consequently, investigating relationships 
between explosive force and unexpected, dynamic perturbation response appears 
warranted. 
 
Moveable mechanical platforms have been used in the literature to invoke unexpected 
perturbations to measure dynamic balance response in different age and activity 
groups (Alexander et al., 1992, Hall et al., 1999, Lin and Woollacott, 2002, Johnson 
and Woolacott, 2011). One such platform is The Computer Assisted Rehabilitation 
Environment (CAREN system), a large computer controlled mechanical platform that 
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can independently perturb the support surfaces in each of the six degrees of freedom 
(Figure 2.7). It has been found to be highly reliable for use in postural and balance 
research and has been extensively used for this purpose (Lees et al., 2007, 
McAndrew-Young et al., 2012, Sessoms et al., 2014). The use of mechanical 
platforms, such as the CAREN, facilitate investigations of dynamic balance in 
response to unexpected perturbations, consequently allowing more robust 
conclusions regarding real life performance in these potentially injurious situations. 
Further research utilising this platform, or a similar device, to assess the relationship 
between explosive torque and dynamic balance is warranted. 
 
Figure 2.7. The Computer Assisted Rehabilitation Environment (CAREN system). 
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2.3 Sex Differences in Neuromuscular Function 
 
2.3.1 Introduction 
Large sex differences in muscular strength are well established, with adult males 
displaying 30-70% greater strength than females (Frontera et al., 1985, Colliander and 
Tesch, 1989, Behm and Sale, 1994, O’Brien et al., 2010, Hannah et al., 2012, 2015). 
This sex discrepancy in strength develops during puberty with similar strength profiles 
between 8-12 diverging until a large difference is apparent at the age of 17 (Parker et 
al., 1990). This has also been demonstrated with regard to landing technique with 
females altering in neuromuscular control during puberty (Myer et al., 2009). This 
divergence in absolute muscle strength during puberty is proposed to result from 
increased testosterone levels in males, which has a stimulating effect on muscle 
growth, contributing to greater absolute muscular strength in males (Parker et al., 
1990, Round et al., 1999). When strength is expressed relative to body mass or 
specifically to muscle mass, these sex differences are reduced or eliminated (Frontera 
et al., 1985, Colliander and Tesch, 1989, Hannah et al., 2012, 2015) suggesting that 
increased male muscle mass is the primary reason for increased strength in males. 
Mechanical loading of the knee requires muscular forces of the thigh muscles to 
stabilise and reduce potentially harmful displacements of the joint. Knee joint loading 
is dependent upon body mass (Messier et al., 2005) so strength per unit of body mass 
could affect knee joint stabilisation and neuromuscular control during weight bearing 
activities. Females have also been shown to have a longer EMD (Bell and Jacobs, 
1986, Zhou et al., 1995) potentially prolonging the time from an injury threat to a 
stabilising muscular response. However, there is conflicting evidence for this sex 
differences in EMD (Minshull et al., 2007, Blackburn et al., 2009, Hannah et al., 2012, 
2015), this lack of consensus may be due to differences in the populations studied and 
potential methodological issues, such as sex differences in EMD potentially being an 
artefact of lower absolute force and RFD in females. 
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2.3.2 Sex Differences in Knee Extensor and Flexor Strength 
Similar knee extensor strength, relative to body mass, between the sexes has 
previously been reported (Seger and Thorstensson, 1994, Zebis et al., 2011, Hannah 
et al., 2015); this has also been demonstrated in knee flexors (Seger and 
Thorstensson, 1994). Other studies have found greater relative (to body mass) knee 
extensor strength in males (Huston and Wojtys, 1996, Shultz et al., 2009, 
Wyszomierski et al., 2009) and greater relative (to body mass) knee flexor strength in 
males vs females (Huston and Wojtys, 1996, Shultz et al., 2009, Wyszomierski et al., 
2009, Hannah et al., 2015). These studies had a wide variety of age, training 
backgrounds, muscle size and body composition making unequivocal conclusions 
difficult due a variety of confounding factors. Many studies have indicated that males 
produce greater explosive torque than females (Bell and Jacobs, 1986, Behm and 
Sale, 1994, Zebis et al., 2011, Hannah et al., 2012, 2015) and this has also been 
demonstrated when normalized to body mass (Bell and Jacobs, 1986, Blackburn et 
al., 2009, Zebis et al., 2011). When absolute torque/ force is accounted for maximal 
explosive torque between the sexes appears to be the equivalent (Behm and Sale, 
1994, Bell and Jacobs, 1986). Hannah et al. (2012) investigated this in 20 males and 
20 females. These participants were assessed during isometric knee extensions, with 
explosive and maximal force, involuntary force measures (twitch and octet), and EMG, 
among the measured variables. Males were 33% stronger with RFD 26-56% greater 
than females. However, when differences in maximal strength were accounted for, the 
evoked capacity of the knee extensors for explosive force production and the ability to 
utilise this capacity during explosive voluntary contractions was similar for both sexes. 
Hannah et al. (2015) later confirmed these findings, demonstrating that when 
explosive force was normalised to MVF both sexes achieved a similar percentage of 
maximal force at all time points during knee extension and flexion isometric 
contractions. The lack of consensus in the literature regarding explosive torque 
between the sexes may be due to various methodological issues and differences in 
muscle groups evaluated. Similar investigations utilising consistent methods for both 
sexes, including robust, valid and reliable torque measures, and measuring different 
muscle groups may provide useful conclusions.  
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2.3.3 Sex Differences in Hamstrings-to-Quadriceps Strength Ratio 
The relationship of knee flexors and knee extensor strength, commonly referred to as 
the hamstrings-to-quadriceps ratio (H/Q ratio), as briefly mentioned in section 2.2, has 
attracted significant interest in the literature. The H/Q ratio has been proposed to 
influence the capacity for dynamic joint stabilization (Aagaard et al., 1995, 1998). The 
H/Q ratio is determined as the maximal knee flexion strength relative to the maximal 
quadriceps strength; this has been investigated through various measures (isometric, 
eccentric/ concentric, concentric/ concentric) at various joint angles and velocities 
(Aagaard et al., 1995, Kellis and Katis, 2007, Hewett et al., 2008). Isolated knee 
extensor contractions at extended knee joint positions produces anterior tibial 
translations (DeMorat et al., 2004, Domire et al., 2011), loading the ACL, while knee 
flexor contraction resists anterior displacement and reduces the load on the ACL 
(Shimokachi and Shultz, 2008, Myer et al., 2009). Consequently, sufficient strength of 
the knee flexor muscles represented by a high H/Q MVT ratio has been proposed to 
counterbalance the anterior shear elicited by the knee extensors and potentially 
reduce ACL injury risk (Aagaard et al., 1995, 1998). Longitudinal studies have 
demonstrated higher ACL risk in those with lower H/Q ratio (Hewett et al., 2005, Zebis 
et al., 2011) adding credence to this measure for identifying potential ACL risk. 
 
Females have been demonstrated to exhibit lower H/Q ratios to males (Griffin et al., 
1993, Calmels et al, 1997, Hewett et al., 2008, De Ste Croix et al., 2017), which could 
contribute to females increased risk of ACL injury (Arendt and Dick, 1995, Myer et al., 
2009). However, peak force/ torque was measured throughout the range of motion 
during isokinetic knee flexion and extension contractions in these studies. The peak 
force/ torque of quadriceps and hamstrings occur at different angles (Aagaard et al., 
1998), therefore, peak force/torque ratios do not reflect the capability of these muscle 
groups to produce torque at a given joint angle. Measuring performance of opposing 
muscle groups may be more appropriately assessed at the same joint angle, 
preferably at an angle similar to those where ACL strain is greatest (Markolf et al., 
1990, Hashemi et al., 2011) and previous injuries have occurred (Krosshaug et al., 
2007b, Koga et al., 2010), similar to Hannah et al. (2015). 
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Considering the aforementioned rapidity that sporting injuries occur with, the speed of 
contraction might be more clinically pertinent. Therefore, the traditional H/Q may not 
be relevant when knee joint stabilisation needs to occur in rapid match situations, 
consequently explosive H/Q RFD ratio may be more applicable to fast dynamic 
movements. Measurement of explosive hamstrings to quadriceps ratio, explosive H/Q 
ratio, may be more relevant for these clinical sporting scenarios. Zebis et al. (2011) 
investigated this explosive H/Q ratio in 23 elite soccer players (11 women, 12 men). 
Athletes were assessed on MVC and RFD of quadriceps and hamstrings. Lower 
explosive H/Q ratios up to 50 ms than maximal H/Q ratios were demonstrated across 
the cohort. This demonstrated a reduced ability to stabilise the knee during the initial 
phase of the contraction. Two females both with a markedly low H/Q RFD, but with an 
MVC ratio that would not have placed them at risk, both consequently sustained ACL 
rupture. These two injured females had 37 and 48% lower H/Q RFD at 50 ms 
compared to the female group mean. Although no conclusions can be made based on 
2 individuals it could be proposed that RFD H/Q may be more important for dynamic 
knee stabilisation during rapid soccer movements. Hannah et al. (2015) further 
investigated sex differences in maximal and explosive H/Q ratio. They found males 
had significantly greater MVT H/Q ratio but similar H/Q explosive force ratios at each 
time point (25-150 ms). A greater hamstrings force was discovered relative to body 
mass for males vs females. They further confirmed a much lower explosive H/Q ratio 
in the first 50 ms of contraction compared to maximal H/Q, similar to their 2014 findings 
in a male only cohort, which they suggest may contribute to the increased susceptibility 
of both sexes to injury during this time period. This lower early explosive H/Q ratio 
compared to maximal H/Q ratio, alongside previous evidence of a longer EMD in the 
hamstrings (Hannah et al., 2014), potentially could make the knee joint inherently 
unstable and prone to anterior tibial translation during the early phase of contraction, 
assuming both muscles commence activity from a resting position.  
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2.3.4 Sex Differences in Thigh Muscle Size 
The significant effect of muscle size on muscle strength has been well established 
(Gans, 1982, Raty et al., 1999, Blazevich et al., 2009, O’Brien et al., 2009, Akagi et 
al., 2012, 2014, Evangilidis et al., 2016, Trezise et al., 2016). Due to the greater H/Q 
strength ratio of males compared to females not being accounted for by differences in 
neural drive to the quadriceps and hamstrings muscles (Hannah et al., 2015), it has 
been hypothesised that females may simply have a disproportionately smaller 
hamstring muscle. Whilst it is well known that females have smaller muscles than 
males, and that this is the case for both the quadriceps (Mersmann et al., 2015) and 
hamstrings (Blackburn et al., 2009), the relative size of these muscles has not been 
examined thoroughly. A disproportionately small hamstrings muscle in females (i.e. 
low H/Q size ratio) might represent a fundamental anatomical difference between the 
sexes, that would be expected to result in a low H/Q strength ratio (Evangelidis et al., 
2016) and may predispose to knee joint injury.  
 
Future quantification of thigh muscle size may also allow for evaluation of the 
contribution of accessory knee flexor muscles other than just the hamstrings, such as 
the sartorius and gracilis. As mentioned, previous research has commonly used the 
terminology ‘hamstrings to quadriceps ratio’ when describing knee flexors (KF) and 
knee extensors (KE) torque ratios (Aagaard et al., 1998, Hewett et al., 2008, Hannah 
et al., 2015), which is somewhat simplistic considering that the sartorius, gracilis, 
popliteus and gastrocnemius are also agonist muscles for knee flexion. Therefore, 
‘knee flexion to knee extension ratio’ may be a more appropriate and accurate term. 
The effects of these accessory KF have rarely been discussed in the literature despite 
the significant role of the sartorius and gracilis in controlling knee valgus/varus loading 
(Buchanan et al., 2007, Lloyd et al., 2001, Zhang et al., 2001), which may contribute 
to acute injury risk and sex differences in knee joint loading. Moreover, any sex 
differences in knee joint muscle morphology would be expected to influence joint 
loading and stability and thus the joint degeneration that typically occurs with ageing 
and can lead to knee OA, with evidence for a greater incidence, particularly of 
aggressive OA, in females (Dillon et al., 2006). 
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2.4  Effect of Muscle Fatigue on Sporting Injury Risk 
 
2.4.1 Introduction 
Injury risk varies widely between sports (Hootman et al., 2007, Darrow et al., 2009) 
but in this section association football or soccer will be the primary focus, due to the 
very high level of participation of this sport (estimated to be 250 million players in 200 
countries, Dunning, 1999). The majority of footballing injuries occur in the last 15 
minutes of each half (Hawkins and Fuller, 1999, Hawkins et al., 2001, Rahnama et al., 
2002, Woods et al., 2003, 2004) strongly implicating the effects of fatigue as a 
causative factor in sporting injury. This has also been demonstrated in other sports 
such as rugby league (Gabbett, 2000, 2002, 2004), and skiing where ACL injuries are 
more likely to occur at the end of the day (Feagin et al., 1987).  
 
Muscle fatigue is the exercise induced reduction in muscle performance, generally 
measured by a decline in force-generating capacity (Gandevia, 2001, Rampinini et al., 
2011, Buckthorpe et al., 2014). This fatigue can be peripheral, occurring distal to the 
neuromuscular junction involving muscle and contractile elements (Gandevia et al., 
1995, Dickin and Doan, 2008, Allen et al., 2008), or have a central component, 
involving a reduction in neural drive to the muscles (Gandevia, 2001, Taylor et al., 
2006). Both spinal and supraspinal mechanisms are thought to be responsible for the 
decline in force due to central fatigue. At the spinal level, factors include intrinsic 
behaviour of the motor neurons, reflex inputs and their pre-synaptic modulation, 
recurrent inhibitions, and other neuromodulatory factors acting upon spinal circuitry 
and the motor neurons (Gandevia, 2001). The outputs of descending tracts to the 
motor neurons and the factors that control descending drive are thought to be 
important at the suprasinal level (Gandevia, 2001). Peripheral contributions to the 
contractile changes caused by muscle fatigue include an initial small increase in 
intracellular Ca2+, this may be due to an inhibition of force production by inorganic 
phosphate, and then a more rapid loss of force that is accompanied by a reduction in 
calcium release (Jones, 2010). Various contributing factors such as the economy of 
ATP turnover for cross bridge attachment, calcium and cross bridge kinetics, 
metabolic changes such as acidosis and increased ADP accumulation, amongst many 
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other factors all contribute to fatigue induced reduction in force capacity (Jones, 2010). 
Muscular fatigue is a complex phenomenon and a complete discussion on muscle 
fatigue is beyond the scope of this review. The effects of fatigue on muscle function, 
H/Q ratio, and balance response will henceforth be the ongoing focus. 
 
Various methodologies have been applied in the literature to induce muscular fatigue 
including but not limited to: isokinetic contractions to failure (Thomas et al., 2010, 
Moreira et al., 2015, O’Connor et al., 2015, Samaan et al., 2015), isometric fatiguing 
contractions (Buckthorpe et al., 2014), repeated fatiguing jumps, landings or squats 
(Chappell et al., 2007, Borotikar et al., 2008, Kernozek et al., 2008, Gehring et al., 
2009,  McLean and Samorezov, 2009, Dickin et al., 2015), cycle ergometer exercise 
to failure (Lepers et al., 2000, Hassanlouie et al., 2014). To replicate the demands of 
a football game various football specific fatigue protocols have been developed (Greig, 
2008, Small et al., 2008, Greig and Siegler, 2009, Azididin et al., 2015). Some have 
been developed purely on treadmills (Rahnama et al., 2003, Greig, 2008, Greig and 
Siegler, 2009, Greco et al., 2013) which removes the regular changes of direction seen 
in football, while some have been performed overground with football specific changes 
in direction including backwards running and sidestepping (Small et al., 2010), and 
others have included kicks and jumps to replicate the football game situation as closely 
as possible (Robineau et al., 2012). One protocol which has been widely used is the 
Loughborough Intermittent Shuttle Test (LIST) (Nicholas et al., 1995, 2000). The LIST 
has been used extensively to study many of the different physiological effects of 
fatigue associated with football (Morris et al., 2005, Foskett et al., 2008, Sunderland 
et al., 2008, Megalhaues et al., 2010).  The LIST has been found to be a valid and 
reliable fatigue protocol that, despite the lack of kicks, side steps, tackles or jumps, 
closely replicates the activity profile, metabolic, physiological and neuromuscular 
demands of a football game (Nicholas et al., 2000, Magalhaues et al., 2010) while 
maintaining change of direction and the free, overground running inherent in a true 
football game (Azidin et al., 2015). The LIST also facilitates an additional protocol, 
which can be added, to result in voluntary exhaustion of the participant (Nicholas et 
al., 2000, Figure 2.8). 
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Figure 2.8 Sample of an adapted LIST protocol to include voluntary exhaustion 
(adapted from Nicholas et al., 2000). 
 
2.4.2 Effect of Fatigue on Muscle Function and H/Q Ratio 
Fatigue has been shown to alter many factors associated with  injury, such as: altered 
kinetics and kinematics, including increased knee valgus on landing and altered 
cutting technique (Chapelle et al., 2007, Borotikar et al., 2008, Sanna and O’Connor, 
2008, Kernozek et al., 2009, Gehring et al., 2009, McLean and Samorezov, 2009, 
Dickin et al., 2015, O’Connor et al., 2015, Samaan et al., 2015), reduced joint 
proprioception and kinesthetic awareness (Marks, 1994, Lattanzio et al., 1997, 
Forestier et al., 2002, Miura et al., 2004, Walsh et al., 2004, Ribeiro et al., 2008), and 
increased anterior tibial translation and shear forces (Wojtys et al., 1996, Gleeson et 
al., 1998, Chappell et al., 2005,  Melnyk and Golhofer, 2007). These factors all may 
contribute to inadequate joint stabilization due to a suboptimal muscle control and 
activation strategy (Marks and Quinney, 1993, Kernozek et al., 2008, McLean and 
Samorezov, 2009, Dickin et al., 2015). This section will deal primarily with the 
alteration in isolated neuromuscular function following fatigue. Maximal voluntary 
torque of the knee flexors and extensors has been shown to significantly decrease 
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following varied local/ anaerobic fatigue protocols (Minshull et al., 2007, 2012, 
Hedayatpur et al., 2011, Buckthorpe et al., 2014, Moreira et al., 2015) and whole-body, 
football specific protocols, involving a larger aerobic component (Rahnama et al., 
2003, Andersson et al., 2008, Greig, 2008. Greig and Slater, 2009, Thorlund et al., 
2009, Magalhaes et al., 2010, Small et al., 2010, Rampinini et al., 2012, Robineau et 
al., 2012, Greco et al., 2013, Marshall et al., 2014, Cohen et al., 2015). Fatigue 
following football- specific protocols has been shown to reduce the H/Q MVT ratio 
when measured isokinetically (Rahnama et al., 2003, Small et al., 2010, Delextrat et 
al., 2010, Cohen et al., 2014, Coratella et al., 2015) although this is not consistent in 
all studies (Lehnert et al., 2016). A reduction in H/Q ratio would suggest a decrease in 
the ability of the knee flexors to stabilise the knee joint (Hewett et al., 2005, Myer et 
al., 2009) during the later stages of a football game, potentially contributing to the 
increased injury risk later in each half (Hawkins et al., 2001). However, investigations 
into the effect of fatigue on isometric assessment, although limited, has previously 
found no difference in the H/Q ratio following football specific fatigue (Thorlund et al., 
2009, Greco et al., 2013). Differences in methodology utlising isometric (Thorlund et 
al., 2009, Greco et al., 2013) vs isokinetic (Rahnama et al., 2003, Delextrat et al., 
2010, Coratella et al., 2015) may explain much of these conflicting results. As 
mentioned in section 2.3, low to moderate reliability for maximal isokinetic measures 
have been demonstrated (Impellizeri et al., 2008) compared to superior reliability 
being previously found for maximal isometric measures (Tillin et al., 2011, 2013, 
Buckthrope et al., 2012). Therefore, alongside the ability to control for the confounding 
variables of joint angle and angular velocity changes (Maffiuletti et al., 2016) isometric 
measures may be more desirable for methodological rigour. Reduced maximal 
quadriceps activation (Rampinini et al., 2003, Robineau et al., 2012, Buckthorpe et al., 
2014, Lehnert et al., 2016) has been demonstrated post fatigue, while conflicting 
evidence has emerged on reduced maximal hamstrings activation post fatigue 
(Minshull et al., 2012, Robineau et al., 2012, Moreira et al., 2015, Lehnert et al., 2016). 
Further research is required to clarify the effects of football specific fatigue on maximal 
hamstrings activation.    
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As previously discussed, sporting injuries occurs rapidly and so explosive torque might 
be more relevant in sporting injury prevention research. Therefore, the ecological 
validity of H/Q MVT research might be limited and the effect of fatigue on the explosive 
H/Q ratio might be more pertinent. As discussed, the explosive H/Q ratio has been 
shown to be significantly lower than the H/Q MVT ratio (Hannah et al., 2014) potentially 
reducing joint stabilization in the early stage of sporting action, such as landing or side 
cutting commonly involved in ACL injuries (Koga et al., 2010). The effect of football 
specific fatigue on explosive H/Q ratio has received very little attention despite the 
large potential effect on sporting injuries. Greco et al. (2013) reported no difference in 
the explosive H/Q ratio post football fatigue despite decreases in knee extension and 
knee flexion EVT post fatigue. This study was limited methodologically, implementing 
no changes of direction, reducing sporting application. EVT and MVT were assessed 
during the same contraction, which is postulated to result in suboptimal measurements 
for both variables (Maffiuletti et al., 2016). Moreira et al. (2015) found a significant 
decrease post fatigue in explosive H/Q at 100 ms. However, this was investigated 
following exhaustive isokinetic exercise which may not directly apply to the dynamic 
conditions of a football game. Thorlund et al (2009) found a reduction in both knee 
flexor and extensor explosive torque but did not investigate explosive H/Q ratio 
change; they utllised soccer specific elements during their fatigue protocol such as 
kicking, tackling and sideways cutting enhancing direct sporting applications of their 
findings. Reduced quadriceps and hamstrings activation has been demonstrated 
during explosive contractions previously post football related fatigue (Thorlund et al., 
2009, Moreira et al., 2015). EMD has been shown to increase following football 
specific fatigue (Gleeson et al., 1998, De Ste Croix et al., 2015) and fatigue through 
other methods (Zhou et al., 1996, Minshull et al., 2012), but other fatigue evidence 
through repetitive contractions has revealed conflicting results (Minshull et al., 2007, 
Moreira et al., 2015). Altered fatigue protocols and testing conditions may explain 
many of these inconsistent results and the effects of football fatigue on explosive 
neuromuscular performance requires further investigation.  
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2.4.3 Effect of Fatigue on Balance Response 
One of the factors involved in sporting injuries occurring in the latter portions of each 
half may be due to the effect of fatigue on balance response (Woods et al., 2003, 
2004, Hawkins et al., 2001). In response to environmental demands the dynamic 
postural control system may be impaired and fail to produce appropriate muscular 
response, resulting in inferior protective function for dynamic joint stability (Greig and 
Walker-Johnson, 2002, Hassanlouie et al., 2014). Hassanlouie et al. (2014) 
demonstrated that centre of pressure sway increased significantly following a fatiguing 
protocol. However, following a 6-week progressive training protocol, the centre of 
pressure sway was not significantly increased following fatigue, indicating this balance 
response to fatigue can be improved with training. The fatiguing protocol and 
progressive exercise were all performed on a cycle ergometer limiting the application 
of these results to a footballing environment. Various other fatigue protocols have been 
repeatedly shown to negatively alter postural/ balance control (Johnson et al., 1998, 
Vuilerme et al., 2002, Corbeil et al., 2003, Dickin and Doan, 2008, Fox et al., 2008, 
Springer and Pincivero, 2009, Clarke et al., 2015), however the applicability of these 
various fatigue protocols (mostly local, repeated isolated muscular contractions with 
no global/ aerobic component) to a football specific situation is limited. The available 
evidence on the alteration in postural control following a football specific protocol is 
minimal despite the potential importance on footballing injury risk. Greig and Walker-
Johnson (2002) investigated the effect of football-specific fatigue on balance 
performance. They found that although there was no main effect of fatigue on stability, 
there was an increase in anterior sway towards the end of the two halves, perhaps 
indicating reduced dynamic stability and increased injury risk due to fatigue. Although, 
the platform utilised to assess stability was described as dynamic and unstable, it does 
not replicate the perturbations experienced in a sporting situation, such as an 
unexpected collision with an opponent (Koga et al., 2010). The treadmill protocol 
utilised also is limited by the lack of change of direction inherent in football play. Brito 
et al. (2012) assessed unilateral stance before and after a competitive football game 
in youth elite football players. They found increased sway velocity post-match when 
players had their eyes open suggesting that the football match provided a stimulus to 
alter postural stability. This test of balance ability was purely static, not replicating the 
dynamic demands of a sporting situation. Pau et al. (2014) similarly tested sway index 
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during quiet standing before and after a fatigue protocol in a group of football players. 
They found increased indices of sway, indicating reduced postural control. However, 
the fatigue protocol was a repeated sprint test rather than a replicated football match 
and balance assessments were static measures of unipedal and bipedal stability. 
Consequently, due to the paucity of research on the effect of football induced fatigue 
on dynamic balance response further, more rigorous investigation is warranted to 
elucidate the potential effects of football related fatigue on potential sporting injury risk.	
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3.1 Introduction 
Explosive muscular torque production is considered important for sporting 
performance and injury prevention (Tillin et al., 2010, 2013, Zebis et al., 2011). 
Explosive torque has been measured in many populations including: knee OA patients 
(Winters and Rudolph, 2014), ACL patients (Angelozzi et al., 2012, Kline et al., 2015) 
and elderly individuals (Bento et al., 2010, Sundstrup et al., 2010, Allison et al., 2013), 
has been demonstrated to be a predictor of athletic performance (de Ruiter et al., 
2006, Tillin et al., 2010, Tillin et al., 2013) and has been suggested to be important for 
sporting injury risk (Zebis et al., 2011). However, much of the previous research has 
been on explosive performance of one individual muscle group in isolation, without 
understanding the relationship of explosive torque production between different 
muscle groups. Comparing the explosive torque of different muscle groups may 
elucidate the degree of commonality or distinctiveness in explosive torque production.  
 
Achieving maximal muscular torque in isometric tasks requires more than 300 ms 
(Aagard et al., 1998, 2002). Therefore, explosive torque production is considered more 
important than maximal torque when time to develop force is limited to less than 200 
ms (Aagaard et al., 2002, Wilhelm et al., 2014). Accordingly, when investigating 
potential injury causing situations e.g. restabilising the body from a loss of balance 
(Kawamori and Haff, 2004, Tillin and Folland 2013) explosive strength may be more 
relevant than maximal strength. For example, a traumatic sporting injury such as an 
anterior cruciate knee ligament (ACL) injury can occur in less than 50 ms after foot 
contact (Koga et al., 2010). Therefore, it appears that the ability to produce torque in 
an explosive fashion may be important in avoiding these injuries. 
 
The ability to produce torque in an explosive manner has been investigated in the 
literature previously but mostly in the quadriceps muscle (Aagaard et al., 2002, Folland 
et al., 2013, Thompson et al., 2013). However, the relationship between the functional 
capacity of different muscle groups has been largely ignored in the literature. 
Considering the importance of the knee extensors (KE) and plantar flexors (PF) for 
tibial translation and ACL mechanics (quadriceps and gastrocnemius cause anterior 
tibial translation (Elias et al., 2003, Demorat et al., 2004), soleus causes posterior tibial 
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translation (Adouni et al., 2015)), the relationship between the functional capacity of 
these muscles is of interest.  Previous research has demonstrated correlations 
between KE and PF for maximal strength and rate of force development (RFD) (r = 
0.545, P < 0.01) (Jaric et al., 1989). However, Jaric et al. (1989) utilised very similar 
testing positions for the assessment of both muscle groups that may not have 
sufficiently isolated these distinct joint actions. Further, the specific methodology to 
evaluate RFD was not described, with no specific time points or periods of the torque 
time curve evaluated. Therefore, the relationship of isometric strength parameters 
between PF and KE remains to be adequately investigated. 
 
The examination of differences and relationships between lower limb muscle groups 
may identify the extent to which explosive capacity is highly muscle group specific, as 
opposed to a systemic common trait shared by muscle groups and thus perhaps 
determined on a whole-body level. Elucidating the commonality or specificity of 
explosive torque production of largely synergistic muscle groups, may facilitate more 
accurate characterization of an individual’s neuromuscular performance for talent 
identification, training monitoring and injury screening, Therefore, the aim of this study 
was to investigate the relationship between KE and PF isometric strength parameters, 
specifically maximum voluntary torque (MVT) and explosive voluntary torque (EVT). It 
was hypothesised that a significant relationship would be found between these muscle 
groups for maximal and explosive strength. A secondary aim was to investigate if there 
were differences in explosive strength between KE and PF.  
 
3.2 Methods 
 
3.2.1 Participants 
Twenty-one untrained males (mean ± SD; age: 25.1 ± 4.9 years, height: 1.81 ± 0.09 
m, mass: 81.4 ±10.0 kg) and twenty untrained females (22.4 ± 3.1 years, 1.67 ± 0.06 
m, 65.3 ± 9.2 kg) were recruited. All participants were healthy and injury free, had 
similar moderate levels of habitual physical activity as assessed by the International 
Physical Activity Questionnaire (iPAQ) short format [www.ipaq.ki.se/downloads.htm] 
(Craig et al., 2003) and provided voluntary informed consent in accordance with the 
approval given by the Loughborough University Ethical Advisory Committee. 
Exclusion criteria included any previous participation in systematic strength or power 
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training, previous lower limb trauma such as ACL rupture or lower limb fracture or a 
BMI of over 26 kg.m-2. To control for the possibility of menstrual cycle phase 
influencing neuromuscular function females were required to have been taking the 
combined monophasic oral contraceptive pill for > 6 months and were only tested 
between days 7 and 21 of pill consumption to minimize any fluctuations in endogenous 
gonadal hormones (Pearson et al., 2011).  
 
3.2.2 Study Design 
This study used a cross-sectional study design. Participants visited the lab on two 
occasions, separated by 5-10 days. All sessions commenced between 11.30am and 
4.30pm. The first visit involved introduction to the testing equipment and methods, 
followed by a series of isometric contractions of the PF on an adapted commercial 
dynamometer and finally, isometric contractions of the KE on a custom built isometric 
strength testing chair. During the second visit these measures were repeated and 
mean data of both days calculated. 
 
3.2.3 Muscle Function Measurements 
Plantar Flexion: Participants were secured in an adapted, calibrated commercial 
dynamometer (Con-trex, Dubendorf, Switzerland) in a kneeling position with a custom 
built upright to support the anterior thigh, lock the proximal end of the shank and 
minimise extraneous proximal movement (Figure 3.1). The fulcrum of the 
dynamometer was positioned in line with the lateral malleolus and the ankle was fixed 
at 90º and the knee at 120º (where 180º is full extension). Three ankle straps and a 
hip strap were secured tightly to further minimise extraneous movement. The torque 
signal from the dynamometer was sampled at 2000 Hz using an external A/D converter 
(Micro 1401; CED, Cambridge, UK) interfaced with a personal computer running Spike 
2 software (CED Ltd., Cambridge, UK). Gravity correction was automated through the 
Con-trex dynamometry system. In offline analysis, force data were low-pass filtered at 
500 Hz using a fourth-order zero-lag Butterworth filter. 
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Figure 3.1. Isometric maximum and explosive voluntary torque measurements of the 
plantar flexors with an adapted Con-trex isokinetic dynamometer. 
 
Knee Extension: Participants were secured in a customised dynamometer (Tillin and 
Folland, 2013) with hip and knee joint angles of 125º and 115º respectively (where 
180º is full extension) (Figure 3.2). Adjustable strapping across the pelvis and 
shoulders prevented extraneous movement. A strap, 40mm width of reinforced canvas 
webbing, was placed proximal to the ankle (~15% of tibial length above the medial 
malleolus) in series with a calibrated S-beam strain gauge (Force Logic, Swallowfield, 
UK). The analogue force signal from the strain gauge was amplified (x370) and 
sampled at 2000Hz using an external A/D converter (Micro 1401; CED, Cambridge, 
UK) interfaced with a personal computer running Spike 2 software (CED Ltd., 
Cambridge, UK). In offline analysis, force data were low-pass filtered at 500 Hz using 
a fourth-order zero-lag Butterworth filter, gravity corrected by subtracting baseline 
force, and multiplied by lever length (distance from ankle strap centre to knee joint 
space) to calculate torque. 
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Figure 3.2. Isometric maximum and explosive voluntary torque measurements of the 
knee extensors with a custom built isometric dynamometer. 
 
3.2.4 Protocol 
Maximum Voluntary Isometric Contractions: Participants performed a series of warm-
up contractions at ~50% and ~75% of perceived MVT followed by three maximum 
voluntary contractions (MVCs) each lasting 3s with >30 s rest between them. 
Participants were instructed to contract as hard as possible and motivated with a 
standardised script of strong verbal encouragement and real time visual biofeedback 
of the force response during and after each contraction. MVT was defined as the 
greatest torque during any of the MVCs or explosive contractions.  
Explosive Voluntary Isometric Contractions: Following MVCs participants completed 
10 explosive contractions of the PF and KE, each separated by 20s rest. They were 
instructed to contract ‘as fast and as hard as possible’ for 1 s with the emphasis on 
‘fast’. To provide biofeedback on their explosive performance the slope of the force 
time curve was displayed throughout the contractions, with the peak slope (maximal 
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rate of torque development, calculated over a 10 ms epoch) of their best attempt 
highlighted with an onscreen cursor. Contractions associated with pretension or a 
counter movement (>0.34 Nm in 300 ms prior to contraction) were discarded and 
another attempt made (Balshaw et al., 2016). A visual marker on screen depicted 80% 
of MVT during the contractions and participants were instructed to achieve this level 
of torque in order to ensure a sufficiently forceful contraction. The explosive 
contractions were performed until 10 contractions met these criteria. Explosive 
voluntary torque (EVT) was then measured at 25, 50, 75, 100 and 150 ms from torque 
onset. Torque onsets were identified manually by visual identification by one trained 
investigator using a systematic approach (Tillin et al., 2010, 2012) considered to be 
more valid than automated methods (Tillin et al., 2012). 
 
3.2.5 Statistical Analysis 
Pearson’s correlation coefficients were calculated to assess the bivariate relationship 
between the KE and PF for isometric strength parameters, MVT and EVT using IBM 
SPSS Statistics for Windows (Version 22.0, NY, USA, IBM Corp.). Differences in 
function between KE and PF were investigated for absolute torque and torque relative 
to MVT at each measured time point using paired samples t-tests. Significance was 
set at P < 0.05. 
 
 
3.3 Results 
 
3.3.1 Differences in KE and PF Strength Variables 
KE (232.8 ± 79.4 N.m) and PF MVT (227.5 ± 62.9 N.m; P = 0.693) were similar. 
Absolute explosive torque of the KE was greater than the PF at all time points from 
25-150 ms (P = 0.001-0.015; Figure 3.3). Explosive torque normalized to MVT was 
also greater for the KE than PF at all time points from 50-150 ms (P < 0.001; Figure 
3.3).  
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Figure 3.3. Explosive knee extensor (black squares) and plantar flexor torque (grey 
triangles) in absolute terms (left) and relative to maximum voluntary torque (MVT, 
right) during the first 150 ms of contraction (n=41). * P < 0.05, ** P < 0.001 
 
3.3.2 Correlations between KE and PF for MVT and EVT 
KE and PF absolute MVT were strongly correlated (r = 0.832, P < 0.001) as was MVT 
relative to body mass (r = 0.620, P < 0.001). In addition, there were moderate to strong 
associations between the two muscle groups for absolute EVT at 50-150 ms (r = 
0.488-0.755, P < 0.001; Table 3.1, Figure 3.4A), whereas EVT relative to body mass 
at 50-150 ms (r = 0.517-0.669, P £ 0.001) and EVT relative to MVT at 25-150 ms (r = 
0.353-0.480, P = 0.001-0.026; Table 3.1, Figure 3.4B) showed moderate relationships 
between PF and KE.  
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Table 3.1. Correlation coefficients between knee extensor (KE) and plantar flexor (PF) 
absolute explosive voluntary torque (EVT (N.m)), EVT relative to body mass (EVT 
(N.m/kg)) and EVT relative to maximum voluntary torque (EVT (%MVT)) for each 
measured time point (n=41). *P < 0.05, ** P < 0.001. 
 
 PF vs KE Correlation Coefficient 
Time Points (ms) EVT (N.m) EVT (N.m/kg) EVT (%MVT) 
25 -0.129 0.104 0.353* 
50 0.488** 0.517** 0.396* 
75 0.678** 0.642** 0.469** 
100 0.743** 0.669** 0.480** 
150 0.755** 0.609** 0.348* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3: Strength Relationship between Muscle Groups 
	
	 47	
  
  
  
  
 
Figure 3.4. Scatterplots showing the relationships between knee extensor (KE) and 
plantar flexor (PF) explosive torque in absolute terms (A) and relative to maximum 
voluntary torque (MVT) (B) from 50-150 ms (n=41). 
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3.4 Discussion 
The current results confirm that knee extensor (KE) and plantar flexor (PF) isometric 
strength parameters (maximum voluntary torque (MVT), explosive voluntary torque 
(EVT)) are related in young healthy adults, and thus confirms our initial hypothesis. 
Explosive torque of the two muscle groups was correlated at 4 out of 5 time points 
during the rising torque-time curve for all absolute (r = 0.488-0.755) and relative (to 
BM (r = 0.517-0.669) and MVT (r = 0.353-0.480)) expressions of explosive torque. 
These results suggest that the function of the KE and PF is related for both maximum 
and explosive torque, and therefore that if the PF are strong and explosive then the 
KE will also tend to be strong and explosive.  
 
The two muscle groups had similar MVT, but there were differences in explosive 
torque. Specifically, the KE had greater absolute explosive torque than the PF for 
every time point from 25-150 ms, and greater relative explosive torque (to MVT) than 
the PF for every time point from 50-150 ms. The quadriceps have a greater proportion 
of type II muscle fibres compared to the plantar flexors (Johnson et al., 1973, Golnick 
et al., 1974, Edgerton et al., 1975, Harridge et al., 1996) and might facilitate greater 
explosive torque from the knee extensors (Metzger and Moss, 1990). The KE have 
been found to demonstrate longer fascicle length than the PF (knee extensors: 90.2 ± 
7.9 mm vs plantar flexors: 56.2 ± 6.2 mm, Kubo et al., 2014), which may contribute 
towards the differences in torque production. Additionally, the Achilles tendon is longer 
than the patellar tendon (Herbert et al., 2002, Neyret et al., 2002) and the KE position 
was more extended relative to the optimal angle of peak torque production than was 
the case for the PF (Anderson et al., 2007); both of these factors may have resulted 
in different tendon slack during testing and facilitated greater early torque production 
in the KE. Greater neural drive of the KE than the PF has been previously 
demonstrated (Mulder et al., 2009), perhaps facilitating earlier explosive torque in the 
KE. However, this has only been demonstrated for maximal contractions and requires 
future investigation for explosive contractions. The factors described may contribute 
to the greater explosive torque of the KE but as these differences were not assessed 
in the current cohort these contributions are speculative. Methodological differences 
may also have contributed to the contrasting explosive torque production of the two 
muscle groups, with the KE measured with a low compliance custom-built 
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dynamometer (Folland et al., 2014), while the PF were assessed with a more 
compliant commercial dynamometer (Maffiuletti et al., 2016) potentially compromising 
early phase torque production from the PF.  
 
The PF measurement was undertaken on an adapted commercial dynamometer and 
to compensate for potential compliance in the commercial dynamometer (Tsaopoulos 
et al., 2007) the ankle was thoroughly strapped to minimise joint excursion. This may 
have enhanced segment stability and facilitated enhanced ankle MVC (Bampouras et 
al., 2017). However, similarities in maximal isometric torque of the KE and PF have 
been consistently found in previous literature reinforcing these findings (Bohannon, 
1984, Mentiplay et al., 2015, Jackson et al., 2017).  
 
The correlations found between the KE and PF imply a relationship for isometric 
strength parameters between the muscle groups, that has previously been found 
between the KE and PF by Jaric et al. (1989) for maximal strength and explosive 
strength. These authors found correlations between PF and KE for maximal strength 
(r = 0.488, P < 0.01), this was in accordance with the current findings for MVT (r = 
0.832, P < 0.001). The current findings for correlations between muscle groups for 
EVT (r = 0.488-0.755, P < 0.001) also substantiate Jaric et al.’s (1989) explosive 
strength correlations (r = 0.545, P < 0.01). However, the previous study’s description 
of the time periods used for explosive strength calculation lacked clarity, whilst the 
current study utilised a more thorough assessment of the rising torque-time curve.  
 
The relationship between KE and PF explosive torque became progressively stronger 
throughout the rising torque-time curve, from 0.488 at 50 ms to 0.743 at 150 ms (Table 
3.1). Hence during the more neurally determined early phase of explosive torque 
production (Anderson and Aagaard, 2006, Folland et al., 2014) the muscles were less 
related. During the early phase of contraction explosive torque measures demonstrate 
poor reliability (Tillin et al., 2011, Buckthorpe et al., 2012), which may reduce the 
strength of relationships during this period.  
 
As MVT was strongly related between muscle groups (R2 = 0.69) it could be argued 
that maximal torque production may be a systemic common trait shared by lower limb 
muscle groups. However, the weaker correlation between these muscle groups for 
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explosive torque (R2 = 0.353- 0.570) and the differences in time history for explosive 
torque production would suggest these muscle groups should be screened separately 
if explosive torque is the variable of interest. Further investigations relating to injury 
prevention should include more than one muscle group due to the potential differences 
in explosive torque production between muscle groups. This would be prudent in future 
studies investigating factors related to sex differences in sports injury risk (Arendt and 
Dick, 1995, Myklebust et al., 2003).  
 
In conclusion, we confirmed the hypothesis that KE and PF isometric strength 
parameters were related. However, explosive torque of the KE was greater than the 
PF for all measured time points, suggesting differences in the time course of the 
explosive torque production of these muscles. 
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4.1 Introduction  
Sex differences have been demonstrated in relation to sports injury risk. Females have 
been shown to have a higher general risk of sports injury (Fulstone et al., 2016, 
Gescheit et al., 2017, Khodaee et al., 2017) and a higher risk of anterior cruciate knee 
ligament (ACL) injury (Arendt and Dick, 1995, Myklebust et al., 2003), whilst males 
have been found to have a higher risk of hamstring strain injury (Satterthwaite et al., 
1999, Edouard et al., 2016). The sex discrepancy in ACL injury risk is particularly 
substantial, with young women demonstrating a 3 to 5 times higher risk of ACL injury 
than men when participating in agility sports (e.g. basketball, soccer, volleyball) 
(Lohmander et al., 2007). Moreover, 10 to 20 years after the diagnosis, on average, 
50% of those with a diagnosed ACL or meniscal tear have osteoarthritis with 
associated pain and functional impairment (Ratzlaff and Llang, 2010). Various 
anatomical (Blackburn et al., 2009, Hoshikawa et al. 2011, Sturnick et al., 2015), 
biomechanical (Griffin et al., 2006, Krosshaug et al., 2007b, Koga et al., 2010) and 
neuromuscular control (Hewett et al., 2005) differences between sexes have been 
implicated as contributing to the higher susceptibility of females to ACL injury.  
 
Analysis of ACL injury mechanisms have demonstrated that these injuries occur within 
50 ms of foot contact upon landing (Krosshaug et al., 2007b). Therefore, the ability to 
produce torque rapidly, deemed explosive force/torque or rate of force/torque 
development, may be important to stabilise the knee and prevent these injuries (Tillin 
and Folland, 2013). The ability to produce torque rapidly between 0-50 ms has been 
found to be negatively correlated with sway index indicating reduced postural sway in 
individuals who can produce larger explosive torque values (Palmer et al., 2014). 
Therefore, sex differences in explosive torque may have relevance in responding to 
balance threats and avoiding injurious positions.  
 
Due to the potential of sex discrepancies in explosive muscular torque production 
contributing to higher female ACL rupture rates further research into these 
mechanisms appears warranted (Zebis et al., 2011). Various physiological 
characteristics have been found to be muscle group specific, such as fatigue 
resistance (Avin et al., 2010) and eccentric to concentric muscle function (Griffin et al., 
1993), thus investigating sex differences in multiple muscle groups appears prudent. 
The plantar flexors (PF) and knee extensors (KE) act synergistically in explosive 
Chapter 4: Sex Differences in Torque 
	
	 53	
sporting activities (Gregoire et al., 1984) and are important for tibial translation and 
ACL mechanics (quadriceps and gastrocnemius cause anterior tibial translation (Elias 
et al., 2003, Demorat et al., 2004), soleus causes posterior tibial translation (Adouni 
et al., 2015)). Consequently, greater maximal and explosive strength of these muscle 
groups may help prevent injurious positions, and investigating the sex differences in 
maximal and explosive torque of these muscle groups may provide insight into sex 
differences in injury mechanisms. Therefore, the aim of this study was to investigate 
the sex differences in maximum voluntary torque (MVT) and explosive voluntary 
torque (EVT) of the knee extensors (KE) and plantar flexors (PF). 
 
4.2 Methods 
 
4.2.1 Participants 
Twenty-one untrained males (mean ± SD; age: 25.1 ± 4.9 years, height: 1.81 ± 0.09 
m, mass: 81.4 ±10.0 kg) and twenty untrained females (22.4 ± 3.1 years, 1.67 ± 0.06 
m, 65.3 ± 9.2 kg) were recruited. All participants were healthy and injury free, had 
similar moderate levels of habitual physical activity as assessed by the International 
Physical Activity Questionnaire and provided voluntary informed consent in 
accordance with the approval given by the University Ethical Advisory Committee. 
Exclusion criteria included any previous participation in systematic strength or power 
training, any conditions that were contraindications to neuromuscular testing, previous 
lower limb trauma such as ACL rupture or lower limb fracture or a BMI of over 26 kg.m-
2. To control for the possibility of menstrual cycle phase influencing neuromuscular 
function females were required to have been taking the combined monophasic oral 
contraceptive pill for > 6 months and were only tested between days 7 and 21 of pill 
consumption to minimize any fluctuations in endogenous gonadal hormones (Pearson 
et al., 2011).  
 
4.2.2 Study Design 
This study used a cross-sectional study design to investigate the sex differences in 
explosive torque of KE and PF. Participants visited the lab on two occasions, 
separated by 5-10 days. All sessions commenced between 11.30am and 4.30pm. On 
day one participants completed a familiarisation session with a series of isometric 
contractions of the plantar flexors on an adapted commercial dynamometer and knee 
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extensors on a custom built isometric strength testing chair. On day two these 
measures were repeated. 
 
4.2.3 Muscle Function Measurements 
Plantar Flexion: Participants were secured in an adapted, calibrated commercial 
dynamometer (Con-trex, Dubendorf, Switzerland) in a kneeling position with a custom 
built upright to support the anterior thigh, lock the proximal end of the shank and 
minimise extraneous proximal movement (Figure 4.1). The fulcrum of the 
dynamometer was positioned in line with the lateral malleolus and the ankle was fixed 
at 90º and the knee at 120º (where 180º is full extension). Three ankle straps were 
secured tightly along with a hip strap to further minimise any extraneous movements. 
The torque signal from the dynamometer was amplified (x1000) and sampled at 2000 
Hz using an external A/D converter (Micro 1401; CED, Cambridge, UK) interfaced with 
a personal computer running Spike 2 software (CED Ltd., Cambridge, UK). In offline 
analysis, force data were low-pass filtered at 500 Hz using a fourth-order zero-lag 
Butterworth filter. 
 
Figure 4.1. Isometric maximum and explosive voluntary torque measurements of the 
plantar flexors with an adapted Con-trex isokinetic dynamometer. 
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Knee Extension: Participants were secured in a customised dynamometer (Tillin and 
Folland, 2013) with hip and knee joint angles of 125º and 115º respectively (where 
180º is full extension) (Figure 4.2). Adjustable strapping across the pelvis and 
shoulders prevented extraneous movement. A strap, 40mm width of reinforced canvas 
webbing, was placed proximal to the ankle (15% of tibial length above the medial 
malleolus) in series with a calibrated S-beam strain gauge (Force Logic, Swallowfield, 
UK). The analogue force signal from the strain gauge was amplified (x370) and 
sampled at 2000Hz using an external A/D converter (Micro 1401; CED, Cambridge, 
UK) interfaced with a personal computer running Spike 2 software (CED Ltd., 
Cambridge, UK). In offline analysis, force data were low-pass filtered at 500 Hz using 
a fourth-order zero-lag Butterworth filter, gravity corrected by subtracting baseline 
force, and multiplied by lever length (distance from ankle strap centre to knee joint 
space) to calculate torque. 
 
Figure 4.2. Isometric maximum and explosive voluntary torque measurements of the 
knee extensors with a custom built isometric dynamometer. 
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4.2.4 Protocol 
Maximum Voluntary Isometric Contractions: Participants performed a series of warm-
up contractions at ~50% and ~75% of perceived maximal voluntary torque (MVT) 
followed by three maximum voluntary contractions (MVCs) each lasting 3s with >30 s 
rest between them. Participants were instructed to contract as hard as possible and 
motivated with a standardised script of strong verbal encouragement and real time 
visual biofeedback of the force response during and after each contraction. MVT was 
defined as the greatest torque during any of the MVCs or explosive contractions.  
Explosive Voluntary Isometric Contractions: Following MVCs participants completed 
10 explosive contractions of the PF and KE, each separated by 20s rest. They were 
instructed to contract ‘as fast and as hard as possible’ for 1 s with the emphasis on 
‘fast’. To provide biofeedback on their explosive performance the slope of the force 
time curve was displayed throughout the contractions, with the peak slope (maximal 
rate of torque development, calculated over a 10 ms epoch) of their best attempt 
highlighted with an onscreen cursor. Contractions associated with pretension or a 
counter movement (>0.34 Nm in 300 ms prior to contraction) were discarded (Balshaw 
et al., 2016). A visual marker on screen depicted 80% of MVT during the contractions 
and participants were instructed to achieve this level of torque in order to ensure a 
sufficiently forceful contraction. The explosive contractions were performed until 10 
contractions met these criteria. Explosive voluntary torque (EVT) was then measured 
at 25, 50, 75, 100 and 150 ms from force onset.  
 
4.2.5 Statistical Analysis 
Sex differences in MVT were analysed using an independent samples t-test.  Sex 
differences in EVT were analysed using a two-way repeated measures ANOVA (sex x 
time) for each muscle groups (KE and PF). Paired samples t-tests with a Bonferroni 
correction were performed to locate group differences at specific time points. All 
analyses were conducted with IBM SPSS Statistics for Windows (Version 22.0, NY, 
USA, IBM Corp.). Significance was set at P < 0.05. 
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4.3 Results 
Males had stronger KE (89%; 302.1 ± 43.1 N.m vs 159.7 ± 30.8 N.m, P < 0.001) and 
PF (55%; 281.8 ± 55.6 N.m vs 180.8 ± 36.3 N.m, P < 0.001) than females (Figure 4.3) 
and displayed greater EVT at all time-points for the KE (57-109%; P < 0.001; Figure 
4.4A) and at 50-150 ms for the PF (33-52%; P < 0.05; Figure 4.4B). When torque was 
normalised to body mass (BM) males continued to have greater MVT in both muscle 
groups (KE: 47%, P < 0.001; PF: 16%, P < 0.01) and in general, greater EVT (KE all 
time-points: 23-60%, P < 0.05, Figure 4.4C; PF: 100-150 ms, 18-20%, P < 0.05, Figure 
4.4D). However, when EVT was normalised to MVT there were no differences between 
sexes for either KE (Figure 4.4E) or PF (Figure 4.4F).  
Figure 4.3. Sex differences in MVT (male- black; n=21, female- grey; n=20) for KE 
and PF. *** P < 0.001 
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Figure 4.4. Sex differences in absolute EVT for KE (A) and PF (B), EVT normalised 
to body mass (BM) for KE (C) and PF (D), and normalised to MVT for KE (E) and PF 
(F) from 0-150 ms. *** P < 0.001, * P < 0.05. Male: black circles (n=21), female: grey 
squares (n=20). 
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4.4 Discussion 
This study compared the sex differences in maximal voluntary torque (MVT) and 
explosive voluntary torque (EVT) of the knee extensors (KE) and plantar flexors (PF). 
As expected, males had stronger KE (89%) and PF (55%) than females. Males also 
displayed greater EVT at all time-points in KE (57-109%) and at 50-150 ms in PF (33-
52%). Males continued to have greater MVT and EVT at all time-points in KE (23-60%) 
and at 100-150 ms in PF (18-20%) when torque was normalised to body mass (BM) 
but when EVT was normalised to MVT there were no significant differences between 
sexes for either KE or PF (P > 0.05). 
 
Males greater absolute torque production could be attributed to males’ larger muscle 
mass than females (Maughan et al., 1983) and the well-established importance of 
quantity of muscle mass in force/ torque production (O’Brien et al., 2009, Akagi et al., 
2012, Trezise et al., 2016). Greater male torque production was clear for both absolute 
MVT and EVT in both KE and PF in our cohort. Sex differences remained when torque 
was normalised to body mass. As ACL injuries often occur during weight bearing, such 
as cutting and landing (Krosshaug et al., 2007b, Koga et al., 2010), theoretically the 
most relevant expression of strength is torque relative to BM (i.e. per kg). Joint loads 
are influenced by body mass (Messier et al., 2005), and ACL loads during landing are 
related to body mass (~0.7 x body mass, Laughlin et al., 2011) influencing the 
muscular torque required to stabilise the knee. As ACL injuries can occur in under 50 
ms from foot contact (Krosshaug et al., 2007b) the reduced ability of females to 
produce torque rapidly relative to body mass might help explain why they have 
increased risk of general sports injury (Fulstone et al., 2016, Gescheit et al., 2017, 
Khodaee et al., 2017) and ACL injuries in particular (Arendt and Dick, 1995, Myklebust 
et al., 2003). These findings suggest future injury prevention strategies for females 
should ensure high-resistance strength training to increase explosive torque 
production to reduce the risk of insufficient joint stability in a weight- bearing situation. 
 
Considering the muscles assessed, the KE and PF, may have particular potential 
functional relevance. The quadriceps have been known to cause an anterior tibial 
translation (Demorat et al., 2004) while the plantar flexors/ triceps surae have two 
opposing effects on the tibia. The gastrocnemius, despite being a knee flexor, can 
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cause an anterior tibial translation (Adouni et al., 2015) while the soleus causes a 
posterior tibial translation by producing a moment that rotates the tibia with respect to 
the ankle, thereby shifting the proximal tibia posteriorly at the knee joint (Elias et al., 
2003). As the current protocol involved assessment of plantar flexor function in a knee 
flexed position (110º) it may have allowed the soleus a more mechanically 
advantageous position over the gastrocnemius (Cresswell et al., 1995, Ferris et al., 
2011), favouring the ACL agonist in this case emphasising the potential functional 
relevance of the sex differences in torque per BM found in the current study.  
 
Lower torque relative to BM in females may be due to a lower percentage of muscle 
mass and greater percentage of fat mass in females compared to males (Blaak et al., 
2001) suggesting that males have greater force producing mass per kg of body mass. 
A greater proportion of type II muscle fibers (Staron et al., 2000, Yasuda et al., 2005) 
and, to a lesser extent, greater musculotendinous stiffness in males compared to 
females (Kubo et al., 2003, Blackburn et al., 2006, Onanmbele et al., 2007, Westh et 
al., 2008) may also contribute to their greater explosive torque production. 
 
Both Hannah et al. (2012) and Zebis et al. (2011) found greater ability of males than 
females for producing explosive torque in the KE. Explosive torque was greater in 
males when expressed relative to body mass for Zebis et al. (2011) in accordance with 
the current findings for KE (all time points) and PF (100-150 ms). Hannah et al. (2012) 
found no sex differences when they normalised KE EVT to MVT. Their findings were 
also reinforced in our cohort, implying that the greater male MVT appears to explain 
their superior explosive torque production in KE and PF. This suggests that both sexes 
possess a similar ability to express the available torque generating capacity in an 
explosive contraction (Hannah et al., 2012). In addition to the sex differences in KE 
and PF explosive torque found by the current study, other muscle groups have also 
been investigated. Hannah et al. (2015) found greater hamstring explosive torque 
normalised to body mass in their male cohort. They also found no sex differences in 
agonist activation or electromechanical delay leading to the interpretation that these 
sex differences may be due to reduced relative muscle size of the hamstrings in 
females. The investigation of the muscle size of the hamstrings compared to the 
quadriceps would be beneficial in future work and contribute alongside the current 
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study in further revealing the neuromuscular factors behind sex discrepancies in 
sports injuries, particularly ACL injury risk. 
 
In conclusion, this study found males produced greater maximal and explosive torque 
relative to females in KE and PF. Sex differences remained when maximal and 
explosive torque were normalised to BM but became insignificant when explosive 
torque was normalised to maximal torque. Lower female explosive torque relative to 
BM may contribute towards the greater risk of non-contact ACL injuries in females in 
weight- bearing situations.  
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5.1 Introduction  
Sex differences in the risk of specific sports injuries have been widely demonstrated; 
females have a higher risk of anterior cruciate knee ligament (ACL) injury (Myklebust 
et al. 2003, Arendt & Dick, 2009), whilst males have a higher risk of hamstring strain 
injury (HSI) (Sattherwaite et al., 1999, Edouard et al., 2016). Females have also been 
demonstrated to suffer from a higher risk of knee osteoarthritis (OA) (Srikanth et al. 
2005, Edouard et al., 2016). Various anatomical (Blackburn et al., 2009, Hoshikawa et 
al. 2011, Sturnick et al., 2015, Schache et al., 2016) and biomechanical (Griffin et al., 
2006, Krosshaug et al., 2007b, Koga et al., 2010) differences between sexes have 
been documented and suggested to contribute to the disparities in injury/disease risk. 
However, possible differences in the morphology of knee joint muscles between the 
sexes has received relatively little attention and could play a significant role in the 
observed sex differences in injury/disease risk.  
 
The sex discrepancy in ACL injury incidence is particularly stark with females 
demonstrating a 3-5 times higher risk of sustaining an ACL injury than males when 
participating in agility sports (e.g. basketball, soccer, volleyball) (Lohmander et al., 
2007). A commonly cited contributor to this discrepancy is the observation that females 
have a lower hamstrings-to-quadriceps (H/Q) strength ratio than males (Calmels et 
al., 1997, Hewett et al., 2008, Andrade et al., 2012, El-Ashker et al., 2015, Hannah et 
al., 2015) which is thought to reflect reduced capacity for muscular stabilisation of the 
knee (Aagaard et al., 1998, Myer et al., 2009, Zebis et al., 2011, Akagi et al., 2012). 
Quadriceps contraction elicits anterior tibial translation (Hewett et al., 2008), 
particularly when the knee is close to full extension, which can load and ultimately 
rupture the ACL (DeMorat et al., 2004). Contrastingly, hamstring contraction 
counteracts anterior tibial shear and may protect the ACL by improving dynamic joint 
stability (Aagaard et al., 1998, Hewett et al., 2008). 
 
The greater H/Q strength ratio of males vs females does not appear to be accounted 
for by differences in neural drive to the quadriceps and hamstrings muscles (Hannah 
et al., 2015), and therefore previous work hypothesised that females may simply have 
disproportionately smaller hamstrings (Hannah et al., 2015). Whilst it is well known 
that females have smaller muscles than males, and that this is the case for both the 
quadriceps (Mersmann et al., 2015) and hamstrings (Blackburn et al., 2009), the 
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relative size of these muscles has not been examined. Disproportionately small 
hamstrings in females (i.e. low H/Q size ratio) might represent a fundamental 
anatomical difference between the sexes that would be expected to result in a low H/Q 
strength ratio (Evangelidis et al., 2016) and may predispose females to knee joint 
injury.  
 
Sex discrepancies in hamstring strain injuries (HSI) have been demonstrated with 
males experiencing a higher incidence than females (22.4±3.4 vs 11.5±2.6 injuries per 
1000 athletes respectively) (Edouard et al., 2015). HSI prevalence varies between the 
individual hamstring muscles, with a much higher prevalence in the biceps femoris 
long head (BFlh) compared to the semimembranosus or semitendinosus (Verrall et 
al., 2003, Koulouris et al., 2007). Males may have a relatively small BFlh in comparison 
to the whole hamstrings group, which could expose this muscle to greater load and 
injury risk. However, hamstrings muscle morphology between the sexes has not 
previously been compared.  
 
Quantification of thigh muscle size may also allow for evaluation of the contribution of 
accessory knee flexor muscles other than just the hamstrings, such as the sartorius 
and gracilis. Previous research has commonly used the terminology: ‘hamstrings to 
quadriceps ratio’ when describing knee flexors (KF) and knee extensors (KE) torque 
ratios (Aagaard et al., 1998, Hewett et al., 2008, Hannah et al., 2015), which is 
somewhat simplistic considering that the sartorius, gracilis, popliteus and 
gastrocnemius are also agonist muscles for knee flexion. Therefore, ‘knee flexion to 
knee extension ratio’ may be a more appropriate and accurate term. The effects of 
these accessory KF have rarely been discussed in the literature despite the significant 
role of the sartorius and gracilis in controlling knee valgus/varus loading (Buchanan 
and Lloyd, 1997, Lloyd and Buchanan, 2001, Zhang and Wang, 2001) which may 
contribute to acute injury risk and sex differences in knee joint loading. Moreover, any 
sex differences in knee joint muscle morphology would be expected to influence joint 
loading and stability and thus the joint degeneration that typically occurs with ageing 
and can lead to knee OA, with evidence for a greater incidence, particularly of 
aggressive OA, in females (Dillon et al., 2006, Schache et al., 2009). 
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The aim of this study was to investigate knee joint muscle morphology, specifically 
absolute and proportional size and mass distribution of individual knee extensor and 
flexor muscles, as well as overall size and balance (size ratio) of these muscle groups, 
between sexes. It was hypothesised that males would have a significantly larger 
KF:KE muscle size ratio and females would have a larger biceps femoris long head 
as a proportion of the KF muscle group than males. 
 
5.2 Methods 
 
5.2.1 Participants  
Sixty-six healthy, young, participants with a low-moderate level of physical activity (34 
females, 32 males) provided written informed consent prior to their participation in this 
study, which was approved by the Loughborough University Ethical Advisory 
Committee. Participants had a BMI of £26 kg.m-2, no history of traumatic lower limb 
injury (ACL rupture, fracture etc.) or current musculoskeletal condition, and no 
experience with systematic physical training. Body mass and height were measured 
using a calibrated scale and stadiometer (Seca, Hamburg, Germany). Participants’ 
physical activity level was assessed using the International Physical Activity 
Questionnaire (iPAQ) short format [www.ipaq.ki.se/downloads.htm] (Craig et al., 
2003). Participants were advised not to undertake any unaccustomed/strenuous 
physical activity for 36 hours prior to their laboratory visit and to arrive in a relaxed 
state, having eaten and drunk normally, and to sit quietly for 15 minutes beforehand. 
 
5.2.2 Magnetic Resonance Imaging (MRI)  
A 1.5 T MRI scanner (Signa HDxt, GE, CT, USA) was used to scan the dominant leg 
in the supine position with the hip and knee joints extended. T-1 weighted axial plane 
images were acquired from the anterior superior iliac spine to the knee joint space in 
two overlapping blocks and oil filled capsules were placed on the lateral side of the 
participants’ thigh to help with block alignment during analysis. The following imaging 
parameters were used: imaging matrix: 512 x 512 pixels, field of view: 260 mm x 260 
mm, in plane spatial resolution: 0.508 mm x 0.508 mm, slice thickness: 5 mm, inter-
slice gap: 0 mm.  
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Image segmentation was performed manually with Osirix software (version 4.0, 
Pixmeo, Geneva, Switzerland). The knee extensor muscles: vastus medialis (VM), 
vastus lateralis (VL), vastus intermedius (VI), rectus femoris (RF) and the following 
knee flexor muscles: hamstrings (biceps femoris long head (BFlh), biceps femoris 
short head (BFsh), semitendinosus (ST), semimembranosus (SM)), sartorius (SA) and 
gracilis (GR) muscles were manually outlined in every third image starting from the 
most proximal image where the muscle first appeared (see Figure 5.1). For 
differentiation between VI and VL the methods of Barnouin et al. (2010) were utilised. 
One investigator conducted all the manual segmentation of KE, whilst a second 
investigator analysed KF. The maximal anatomical cross-sectional area (ACSA) of 
each muscle was defined as ACSAmax and summated KF and KE ACSAmax were 
calculated. The size of each individual muscle’s ACSAmax was also expressed as a 
proportion (%) of the muscle group (KF or KE) ACSAmax. The KF:KE ACSAmax ratio 
was calculated from these summations. ACSAmax was the criterion measure of 
muscle size in this study as it is strongly related to muscle strength (Erskine et al. 
2014), and not confounded by differences in muscle length as is the case for muscle 
volume. Nonetheless to compare muscle morphology along the length of femur 
muscle mass distribution of both sexes was calculated by expressing all ACSA values 
as a fraction of ACSAmax. Femur length (FL) was measured by analysing the distance 
between the most proximal (femoral head) and distal slices (lateral femoral condyle) 
in which the femur was apparent. The position of all the ACSA measurements along 
a muscle (i.e. from every slice) were expressed relative to FL and ACSA values 
interpolated every 5%FL using Matlab (Mathworks Inc., MA, USA). 
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Figure 5.1. Example of MRI slice mid-thigh with the knee extensors and flexors 
manually segmented. 
 
5.2.3 Statistical Analysis 
Data are presented as mean±SD. Sex differences in the KF:KE ACSAmax ratio were 
analysed using independent samples t-tests. Sex differences in ACSAmax of each 
muscle, sex differences in proportional size of each constituent muscle (relative to the 
whole muscle group e.g. VL ACSAmax as %KE ACSAmax) and sex differences in 
muscle mass distribution were analysed using two-way ANOVAs (Sex × muscle; Sex 
× muscle; Sex × FL, respectively); significant main effects were further examined with 
post-hoc t-tests with Holm-Bonferroni correction. Statistical significance was defined 
as P<0.05. Effect size was measured using Cohen’s D. All statistical procedures were 
performed with IBM SPSS Statistics for Windows (Version 22.0, NY, USA, IBM Corp.). 
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5.3 Results 
 
5.3.1 Participant Characteristics 
Males were taller (1.78±0.07m vs. 1.68±0.06m, P<0.001) and heavier (71.8±7.2 vs. 
62.9±7.2kg, P<0.001), but both groups were of similar age (males, 20.6±2.5 vs. 
females, 20.9±1.7yr). Females were more physically active than males (2,503±1,335 
vs. 1,826±936 MET-mins week−1, P=0.033) but both were categorised as moderately 
physically active (Craig et al., 2003). 
 
5.3.2 Sex Differences in ACSA between KF and KE 
Females had smaller ACSAmax values for all individual KF and KE muscles than 
males (Table 5.1, P<0.001). However, the difference in ACSAmax for females 
compared to males ranged from -16.1% (VL) to -43.6% (SA), such that the sexual 
dimorphism was 2.7-fold greater for the SA than the VL (Figure 5.2). Females had a 
25.3% smaller KE ACSAmax than males (70.9±12.1cm2 vs 93.6±10.3cm2) and 29.6% 
smaller KF ACSAmax than males (38.8±7.3cm2 vs 55.1±7.3cm2). Consequently, 
females had a lower KF:KE ACSAmax ratio (0.55±0.08 vs 0.59±0.07; P=0.031; Table 
5.1, Figure 5.3). 
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Table 5.1: Sex differences in ACSAmax of individual muscles and whole KF and KE 
muscle groups as well as the KF:KE ratio. Data presented as mean ± SD (range). 
 Male (n= 32) Female (n=34) P Value Effect Size 
KE (cm2)     
VM 24.3 ± 3.2 
(19.2-34.9) 
18.2 ± 3.5 
(12.6-26.4) 
<0.001 1.80 
VI 26.2 ± 3.8 
(19.2-34.1) 
18.3 ± 3.6 
(13.4-29.0) 
<0.001 2.17 
VL 29.2 ± 3.9 
(22.5-38.3) 
24.5 ± 5.2 
(18.2-37.4) 
<0.001 1.03 
RF 13.9 ± 2.2 
(9.1-18.5)  
9.9 ± 2.0   
(6.6-15.3) 
<0.001 1.95 
Total 93.6 ± 10.3 
(75.0-118.1) 
70.9 ± 12.1 
(57.4-106.2) 
<0.001 2.03 
KF (cm2)     
BFsh 8.1 ± 3.1     
(5.7-11.4) 
5.2 ± 1.2   
(3.5-8.7) 
<0.001 2.16 
BFlh 12.9 ± 2.2 
(9.0-18.1) 
10.3 ± 2.1 
(7.6-15.6) 
<0.001 1.21 
SM 13.2 ± 2.8 
(9.2-19.6) 
10.3 ± 2.1 
(6.2-14.9) 
<0.001 1.18 
ST 11.5 ± 2.5 
(6.3-17.1) 
7.6 ± 2.0   
(4.4-11.8) 
<0.001 1.77 
SA 4.1 ± 0.6    
(3.0-5.4) 
2.3 ± 0.5   
(1.3-3.4) 
<0.001 3.17 
GR 5.2 ± 0.9   
(3.6-7.8) 
3.1 ± 0.8   
(1.9-5.3) 
<0.001 2.45 
Total 55.1 ± 7.3 
(40.5-71.4) 
38.8 ± 7.3 
(28.4-56.7) 
<0.001 2.25 
KF:KE Ratio 0.59 ± 0.07 
(0.49-0.75) 
0.55 ± 0.08 
(0.40-0.77) 
0.031 0.59 
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Figure 5.2. The magnitude of the sex difference for individual KE (dark grey) and KF 
(light grey) muscles. Data are presented as mean female ACSAmax (n=34) as the 
percentage less than mean male ACSAmax (n=32). The sex difference ranged from 
16.1% for the VL to 43.6% for the SA. 
 
                               
 
Figure 5.3. Knee flexors (KF) to knee extensor (KE) ACSAmax ratio for individual 
participants (diamonds) and mean for males (n=32, dark grey bar) and females (n=34 
light grey bar). * P<0.05 
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5.3.3 Sex Differences in Proportional Size of Constituent Muscles 
There were sex differences in the proportional size of 2/4 constituent KE and 5/6 
constituent KF muscles. In females, VL (34.5±3.1 vs 31.2±2.3%, P<0.001, Cohen’s D 
(d) 1.21) was a greater proportion and VI (25.8±2.4 vs 28.0±2.2%, P<0.001, d 0.96) a 
smaller proportion of the KE than in males (Figure 5.4A). Additionally, in females BFlh 
(26.8±2.8 vs 23.5±2.6%, P<0.001, d 1.23) and SM (26.4±3.2 vs 23.8±3.3%, P<0.001, 
d 0.80) were a greater proportion and SA (6.0±0.9 vs 7.5±1.0%, P<0.001, d 1.60), GR 
(7.8±1.2 vs 9.5±1.5%, P<0.001, d 1.28) and BFsh (13.5±1.7 vs 14.9±2.3%, P<0.001, 
d 0.68) a smaller proportion of the KF than in males (Figure 5.4B).  
																																															
	 	
	
	
Figure 5.4. Proportional size of individual muscles relative to whole muscle group size 
(ACSAmax % knee extensor (A)/ knee flexor (B) ACSAmax). Data are mean±SD of 
males (n=32) and females (n=34). * P<0.05. 
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5.3.4 Sex Differences in Muscle Mass Distribution 
The ACSA values of each muscle for both sexes, interpolated every 5%FL and 
normalised to ACSAmax, showed sex differences in muscle mass distribution for all 4 
KE and 4/6 KF, the exceptions being BFlh and GR (Figure 5.5). For the KE, the 
differences in mass distribution were subtle for VM and RF, but were over greater 
regions of the VL and VI. For KF, sex differences in muscle mass distribution were 
subtle for BFlh and SA while differences were found over greater regions in SM and 
ST. 
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Figure 5.5. Muscle mass distribution of males (n=32 black line) and females (n=34 
dark grey line). Mean normalised ACSA (ACSAmax) of the individual knee extensors 
(A) and knee flexors (B) along the length of the femur (distal: 0% to proximal:100%). 
Areas of significant sex differences are shown by light grey shading (P<0.05).	
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5.4 Discussion 
This study investigated sex differences in muscle morphology (absolute and 
proportional size and mass distribution) of individual knee extensor and flexor 
muscles, as well as overall size and balance (size ratio) of these muscle groups. There 
were a range of sex differences in muscle morphology that may predispose females 
to greater risk of ACL injury, primarily, as previously hypothesised (Hannah et al., 
2015), a smaller KF:KE size ratio, but also a proportionately small SA and GR and a 
proportionately large VL. Previous findings of a fundamental difference in the balance 
of muscle morphology across the knee provides a likely explanation for the lower 
KF:KE torque ratio of females (Calmels et al., 1997, Hewett et al., 2008, Andrade et 
al., 2012, El-Ashker et al., 2015, Hannah et al., 2015), would be expected to reduce 
the functional stability of the knee joint and thus may be a key factor in the greater 
incidence of ACL injuries in females. The clear differences in the proportional size of 
the constituent KE (larger VL in females) and KF (smaller GR and SA, but larger BFlh 
in females) further highlighted the extent of the sexual dimorphism in muscle size 
within the thigh musculature. This data also confirmed our second hypothesis that 
females have a larger BFlh as a proportion of the KF than males, which may contribute 
to the higher risk of HSI in males. In addition, the different proportions of the 
constituent KE and KF muscles may result in long-term differences in knee stability 
and loading across the knee joint and thus contribute to the sex disparity in OA 
(Miyazaki et al. 2002). 
 
It is well known that females have smaller muscles than males (Hoshikawa et al., 2011, 
Akagi et al., 2013, Maden-Wilkinson et al., 2014, Lube et al., 2016) and this was the 
case for all KF and KE in this study. This consistent sex difference in muscle size is 
widely attributed to lower levels of androgenic hormones, and particularly testosterone 
(Round et al., 1999), in females. Females had smaller KE (25%) and KF (30%) than 
males, and the greater disparity in KF resulted in the lower female KF:KE ACSAmax 
ratio. Previous work found the lower KF:KE strength ratio of females was not 
accounted for by differences in neural drive and led to the hypothesis that females 
may simply have disproportionately smaller KF (Hannah et al., 2015). The current 
results confirm this hypothesis with females having a lower KF:KE size ratio (females 
0.55 vs males 0.59). This size ratio difference is consistent with the common 
observation of lower KF:KE strength ratio in females (Calmels et al., 1997, Hewett et 
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al., 2008, Andrade et al., 2012, El-Ashker et al., 2015, Hannah et al., 2015) and similar 
in magnitude to previous findings for strength ratio differences (50 vs 56%) (Hannah 
et al., 2015). Quadriceps contraction elicits anterior tibial translation, particularly when 
the knee is close to full extension, which can load and ultimately rupture the ACL 
(DeMorat et al., 2004). Contrastingly, KF contraction counteracts anterior tibial shear 
and may protect the ACL by improving dynamic joint stability (Li et al., 1999, 
MacWilliams et al., 1999, Withrow et al., 2008). This disproportionately smaller KF 
muscle group relative to KE in females may reduce the ability to counteract the anterior 
tibial translation and may be a key factor in females’ greater incidence of ACL injuries. 
On an individual basis, there were a wide range of KF:KE size ratios within both sexes 
with some high values (>0.65) amongst both sexes. However, 6 females had a KF:KE 
size ratio of <0.50 compared to only 1 male; these individuals may be particularly at 
risk of ACL injury. Resistance training is known to increase muscular size and strength 
(Folland and Williams, 2007, Reeves et al., 2009, Franchi et al., 2014, Balshaw et al., 
2016), therefore, these results may indicate the importance of targeted KF resistance 
training for injury prevention in females, especially those with a low KF:KE 
strength/size ratio. 
 
Whilst all the KE and KF muscles were smaller in females the difference was highly 
variable with differences from 16% (VL) to 44% (SA) smaller. Consequently, the 
proportional size of the constituent muscles within the KE and KF also displayed a 
marked sex difference that would also be expected to contribute to the discrepancy in 
ACL injury incidence. Females had substantially smaller SA (44%) and GR (42%), 
subsequently these muscles were a smaller proportion of the KF. The large sex 
disparity between these KF muscles (SA, GR) contributed to the lower KF:KE 
ACSAmax ratio. Considering that the SA and GR are known to be important for 
controlling valgus knee forces (Buchanan and Lloyd, 1997, Lloyd and Buchanan, 
2001, Zhang and Wang, 2001, Besier et al., 2003) this sex discrepancy in SA and GR 
ACSAmax may also be an important factor in females’ greater ACL injury risk. The SA 
also acts as a hip external rotator, that likely reduces the hip internal rotation 
associated with ACL injury mechanisms (Krosshaug et al., 2007b). Further 
investigations utilising musculoskeletal models with the ability to isolate the effects of 
increased torque production of these specific muscles are warranted. 
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The finding that females have a significantly larger VL as a proportion of the KE than 
males is noteworthy. The VL produces valgus moments at the knee between knee 
flexion angles of 20-50° (Besier et al., 2003) and in combination with BF, which was 
also found to be proportionately higher in females, this muscle has been demonstrated 
to increase ACL elongation (Serpell et al., 2015). The proportionately larger VL of 
females may provide a further anatomical explanation for increased female ACL injury 
risk.   
 
The increased BFlh as a percentage of KF ACSA in females may have significant 
relevance regarding HSI. Males have been found to have a higher risk of HSI than 
females (Edouard et al., 2016) and the most commonly injured hamstring muscle is 
the BFlh (Verrall et al., 2003, Koulouris et al., 2007). HSI typically occurs during late 
stage swing phase when BFlh is undergoing an eccentric contraction (Heiderscheit et 
al., 2005, Schache et al., 2009). A proportionally larger BFlh within the KF would be 
expected to increase the contribution of this muscle to eccentric knee flexion strength 
(Evangelidis et al., 2016), reducing the risk of eccentric overload in this muscle and 
thus contribute to the lower risk of female HSI. A greater risk of HSI has previously 
been linked to a low H:Q strength ratio (Croisier et al., 2008), but our findings of a 
lower size ratio in females that are known to experience fewer HSIs, indicate that this 
ratio may not be important for explaining the sexual dimorphism in HSI.  
 
Sex differences in muscle mass distribution were observed in most of the muscles 
examined, but were typically subtle. Although previous research compared sex 
differences in muscle mass distribution with a single value (muscle shape factor: mean 
ACSA as a fraction of ACSAmax (Mersmann et al., 2015) this study compared mass 
distribution along the entire muscle length. However, the functional implications of 
these sex differences in muscle mass distribution are currently unknown. Future 
investigations should compare all aspects of muscle-tendon unit morphology of knee 
joint musculature between the sexes including architecture, ideally using 3-D diffusion 
tensor MRI that would facilitate calculation of physiological CSA, as well as tendon 
and aponeurosis morphology. 
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The current study has some limitations. Firstly, it did not include the full complement 
of KF with popliteus and gastrocnemius excluded. Future studies would benefit from 
inclusion of these muscles to evaluate all KF muscles to investigate any further sex 
differences in muscle morphology than the current findings. Secondly, despite all 
participants being recruited to have low-moderate level of physical activity, the iPAQ 
revealed a sex difference in physical activity (females>males). However, both sexes 
were both still categorised as moderately physically active (Craig et al., 2003), and 
given that none of the participants had any background of strength/power, or in fact 
any systematic, physical training it seems unlikely that this would explain the observed 
differences in muscle morphology and it seems probable that these differences are 
innate. Future studies should examine sex differences in knee joint muscle 
morphology for individuals participating in agility sports with a high incidence of 
ACL/HSI.  
 
In conclusion, there was a sex dimorphism in muscle size both between (i.e lower 
KF:KE ACSAmax ratio of females) and within knee joint muscle groups 
(disproportionately larger VL and BFlh, but smaller SA and GR in females). These 
findings would appear to contribute to females’ greater risk of ACL injuries potentially 
by 3 separate mechanisms (lower KF:KE muscle balance, disproportionately smaller 
SA/GR, disproportionately larger VL) and highlight the importance of KF development 
with resistance training for prevention of ACL injuries in females. The findings from 
this study may form a foundation for future intervention studies aimed at positively 
altering muscle size profiles of females to reduce their potential risk of ACL injuries 
and for males to reduce HSI. 
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6.1 Introduction 
Sporting participation has obvious physical, social and psychological benefits (Eime 
et al., 2013) but also contains significant musculoskeletal injury risk (Bahr and Holme, 
2003). An anterior cruciate knee ligament (ACL) rupture is one of the most common 
and costly injuries in sport (Domire et al., 2011). The lifetime burden of ACL tears in 
the U.S. has been estimated to be $7.6 billion annually when treated with surgical 
repair and $17.7 billion when treated with rehabilitation (Mather et al., 2013).  At 10 to 
20 years after the diagnosis of an ACL rupture, on average, 50% of those with a 
diagnosed ACL or meniscal tear have osteoarthritis with associated pain and 
functional impairment: the young patient with an old knee (Ratzlaff and Llang, 2010). 
It has been estimated that an ACL injury ages the knee 30 years and individuals who 
suffer a knee injury are at a more than 5-fold greater increase of developing OA (Butler 
et al., 2008). Therefore, investigating potential contributors to injury mechanisms that 
may guide novel preventative strategies remain important. 
 
It has been demonstrated that ACL injuries occur within 50 ms of foot contact 
(Krosshaug et al., 2007b) thus the ability to produce muscular force rapidly may be 
important in stabilising joints preventing injurious positions (Zebis et al., 2011, Hannah 
et al., 2014). The muscular ability to produce force rapidly is commonly referred to as 
explosive torque/force, explosive strength or rate of torque/force development 
(RTD/RFD). Explosive torque has been investigated in many populations (males, 
females, elderly, performance athletes) and demonstrated to be a determinant of 
athletic performance (Tillin et al., 2013). There has been limited research into the 
relationship between explosive torque and balance performance. Explosive torque 
after 50 ms of contraction has been related to sway index (r = -0.559, P = 0.010; 
Palmer et al., 2014) and RTD to balance measures in elderly subjects (Izquierdo et 
al., 1999, Ema et al., 2016). RTD measures have also been found to predict clinical 
tests that challenge lateral stability (Chang et al., 2005) and to discriminate between 
elderly fallers and non- fallers (Bento et al., 2010, Pijnappels et al., 2008), suggesting 
higher RTD might improve the ability to recover balance and thus be important for falls 
prevention. These results would suggest that the ability to produce torque explosively 
may be related to balance performance. Sports injuries such as ACL tears occur in 
dynamic, unpredictable situations and often involve unexpected perturbations due to 
collision or impact (Krosshaug et al., 2007b, Malfait et al., 2015). Therefore, 
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relationships between explosive force and static balance measures, such as sway 
index (Palmer et al., 2014), or premeditated balance tasks (Izquierdo et al., 1999) do 
not address the ability of control body position and balance in response to the 
unexpected dynamic perturbations that occur within sports. Accordingly, this study 
investigated whether knee extensor and plantar flexor explosive torque were related 
to the ability to stabilise the COM in response to unexpected perturbations. It was 
hypothesised that greater explosive muscular torque would be related to lower COM 
response to unexpected perturbations i.e. lower displacement/velocity of COM relative 
to the base of support.  
 
 
6.2 Methods 
 
6.2.1 Participants 
Thirty-three healthy, young, participants with a moderate level of physical activity (17 
females: age 22.9 ± 3.1yr, height 1.66 ± 0.06m, mass 65.0 ± 8.3kg; 16 males: age 
24.7 ± 5.1, height 1.81 ± 0.09m, mass 81.1 ± 9.5) provided written informed consent 
prior to their participation in this study, which was approved by the Loughborough 
University Ethical Approvals Committee. Participants had a BMI of £ 26 kg.m-2, no 
history of traumatic lower limb injury (ACL rupture, fracture etc.) or current 
musculoskeletal condition, and were not involved in systematic physical training. Body 
mass and height were measured using a calibrated scale and stadiometer (Seca, 
Hamburg, Germany). All participants had similar, moderate levels of physical activity 
as assessed by the International Physical Activity Questionnaire (iPAQ) short format 
[www.ipaq.ki.se/downloads.htm] (Craig et al., 2003). Participants were advised not to 
undertake any unaccustomed/strenuous physical activity for 36 hours prior to their 
laboratory visit and to arrive in a relaxed state, having eaten and drunk normally.  To 
control for the possibility of menstrual cycle phase influencing the neuromuscular 
performance of any of the testing measurements females were required to have been 
taking the combined monophasic oral contraceptive pill for > 6 months and were only 
tested between days 7 and 21 of pill consumption to minimize any fluctuations in 
endogenous gonadal hormones (Pearson et al., 2011).  
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6.2.2 Study Design 
This study used a cross-sectional study design. Participants visited the lab on two 
occasions, separated by 5-10 days, for a familiarisation session and a main trial. All 
sessions commenced between 11.30am and 4.30pm. The familiarisation sessions 
involved participants completing a series of isometric contractions of the plantar 
flexors (PF) on an adapted commercial dynamometer and knee extensors (KE) on a 
custom built isometric strength testing chair. The main trial involved the same muscle 
function tasks with data collection of the PF followed by KE, and then assessment of 
the whole-body perturbation response to unexpected platform movements. 
 
6.2.3 Muscle Function Measurements 
Plantar Flexion: Participants were secured in an adapted commercial dynamometer 
(Con-trex, Dubendorf, Switzerland) in a kneeling position with a custom built upright 
to support the anterior thigh, lock the proximal end of the shank and minimise 
extraneous proximal movement (Figure 6.1). The fulcrum of the dynamometer was 
positioned in line with the lateral malleolus and the ankle was fixed at 90º and the knee 
at 120º (where 180º is full extension). Three ankle straps were secured tightly along 
with a hip strap to further minimise any extraneous movements. The torque signal from 
the dynamometer was amplified (x1000) and sampled at 2000 Hz using an external 
A/D converter (Micro 1401; CED, Cambridge, UK) interfaced with a personal computer 
running Spike 2 software (CED Ltd., Cambridge, UK). In offline analysis, torque data 
were low-pass filtered at 500 Hz using a fourth-order zero-lag Butterworth filter.  
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Figure 6.1. Isometric maximum and explosive voluntary torque measurements of the 
plantar flexors with an adapted Con-trex isokinetic dynamometer. 
 
Knee Extension: Participants were secured in a customised dynamometer (Maffiuletti 
et al., 2016) with hip and knee joint angles of 125º and 115º respectively (where 180º 
is full extension) (Figure 6.2). Adjustable strapping across the pelvis and shoulders 
prevented extraneous movement. A strap, 40mm width of reinforced canvas webbing, 
was placed proximal to the ankle (at ~15% of tibial length above medial malleolus) 
and was in series with a calibrated S-beam strain gauge (Force Logic, Swallowfield, 
UK). The analogue force signal from the strain gauge was amplified (x370) and 
sampled at 2000 Hz using an external A/D converter (Micro 1401; CED, Cambridge, 
UK) interfaced with a personal computer running Spike 2 software (CED Ltd., 
Cambridge, UK). In offline analysis, force data were low-pass filtered at 500 Hz using 
a fourth-order zero-lag Butterworth filter, gravity corrected by subtracting baseline 
force, and multiplied by lever length (distance from ankle strap centre to knee joint 
space) to calculate torque (Balshaw et al., 2016). 
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Figure 6.2. Isometric maximum and explosive voluntary torque measurements of the 
knee extensors with a custom built isometric dynamometer. 
 
6.2.4 Protocol 
Maximum Voluntary Isometric Contractions: Participants performed a series of warm-
up contractions at ~50% and ~75% of perceived maximum voluntary torque (MVT) 
followed by three maximum voluntary contractions (MVCs) each lasting 3s with >30 s 
rest between them. Participants were instructed to contract as hard as possible and 
motivated with a standardised script of strong verbal encouragement and real time 
visual biofeedback of the force response during and after each contraction. MVT was 
defined as the greatest torque during any of the MVCs or explosive contractions.  
 
Explosive Voluntary Isometric Contractions: Following a 2-minute rest upon 
conclusion of MVCs, participants completed 10 explosive contractions of the PF and 
KE, each separated by 20s rest. They were instructed to contract ‘as fast and as hard 
as possible’ for 1 s with the emphasis on ‘fast’. To provide biofeedback on their 
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explosive performance the slope of the force time curve was displayed throughout the 
contractions, with the peak slope (maximal rate of torque development, calculated 
over a 10 ms epoch) of their best attempt highlighted with an onscreen cursor. 
Contractions associated with pretension or a counter movement were discarded and 
another attempt made. A visual marker on screen depicted 80% of MVT during the 
explosive contractions and participants were instructed to achieve this level of torque 
in order to ensure a forceful contraction. The explosive contractions were performed 
until 10 contractions met these criteria. Explosive voluntary torque (EVT) was 
measured at 50, 100 and 150 ms from torque onset during the explosive contractions. 
All torque measures were normalised to body mass (kg) for correlations. 
 
6.2.5 Perturbation Response Testing 
All perturbation trials were completed on a CAREN system (computer assisted 
rehabilitation environment, Motek Medical, Amsterdam, Netherlands), a large 
computer controlled mechanical platform that can independently perturb the support 
surfaces in each of the six degrees of freedom (Figure 6.3A). It has been found to be 
highly reliable for use in postural and balance research and has been extensively used 
for this purpose (Lees et al., 2007, McAndrew-Young et al., 2012, Sessoms et al., 
2014). Prior to the perturbations fifty-seven spherical markers of 14 mm diameter were 
used (Figure 6.3B) to facilitate collection of kinematic data at 200 Hz using nine T20 
Vicon (Vicon, Oxford Metrics Group, UK) cameras. Whole-body segmental 
anthropometric measurements involved 45 measurements of each participant 
according to a reduced set inertial model (Yeadon, 1990). These were utilised to 
calculate participant-specific segmental inertial parameters for 15 body segments 
(head, trunk, pelvis, upper arms, forearms, hands, thighs, shanks, feet) using Visual 
3D (C-Motion, Germantown, MD) and used in the determination of joint centre 
locations and segmental and whole-body centres of mass (COM).  
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Figure 6.3. Perturbation testing on the CAREN machine (A) employing a fifty- seven 
marker set (B).                                             
 
The COM position was defined relative to the centre of the platform, which was defined 
as the mean position of four markers located at the corners of the force plate. 
Participants were instructed to stand upright on the CAREN platform with their hands 
by their side with the non-standing foot in a standardised position, with the forefoot 
lightly touching the ankle of the standing leg, and asked to try to remain stationary and 
not to take a step in response to the perturbation. The perturbation commenced at 
random after participants had verbally confirmed they were stable in their standing 
position. Four experimental conditions, sequentially in the following order: right 
foot/eyes open, left foot/eyes open, right foot/eyes closed, left foot/eyes closed, were 
completed with 16 trials per experimental set, resulting in 64 trials per subject. The 
order of the direction of each perturbation (left, right, forward, backward) were block 
randomised so that 4 of each direction occurred in each experimental set. Only 
anterior platform displacements were analysed for this study (including eyes open and 
closed) to assess sagittal plane muscle function, with the other directions interspersed 
A B 
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to ensure lack of predictability. The perturbations were controlled by a custom script 
written in the Motek Medical D-Flow software. Anterior platform perturbations had a 
magnitude of 0.1 m and a maximum velocity of 0.35 m.s-1	 (Figure 6.4) randomly 
ordered. This order was selected randomly during pilot testing and was consistent for 
all participants and trials. Motion analysis data were analysed off-line. Data were low 
pass filtered with a fourth-order zero-lag Butterworth filter using a cut off frequency of 
15 Hz. Initiation of perturbation was defined as when the velocity of platform markers 
exceeded 0.005 m.s-1. Centre of mass (COM) displacement (relative to platform) and 
velocity (over 5 ms time periods) were obtained from the initiation of perturbation to 
500 ms post perturbation using Visual3D software (C-motion, Germantown, MD, USA) 
with values at 100 ms intervals used for further analysis. COM displacement (COMD) 
was defined relative to the position at onset of perturbation (defined as 0), while 
velocity was defined as instantaneous velocity at each time point. 
 
Figure 6.4. Platform trajectory during an anterior perturbation showing (A) anterior 
displacement and (B) velocity.  
 
6.2.6 Statistical Analysis 
Average measures across right and left legs were utilised for statistical robustness. 
The relationship of KE and PF maximum voluntary torque (MVT) and explosive 
voluntary torque (EVT) (at time points 50, 100 & 150 ms after contraction onset) with 
COM velocity (COMV) and COM displacement (COMD) values (100 ms intervals up 
to 500 ms) were investigated using Pearson’s correlation coefficients. Subsequently 
stepwise multiple regressions were undertaken to examine the influence of the 
0
0.02
0.04
0.06
0.08
0.1
0 0.1 0.2 0.3 0.4 0.5
Pl
at
fo
rm
 d
is
pl
ac
em
en
t (
m
)
Time from perturbation onset (s)
A
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 0.1 0.2 0.3 0.4 0.5
Pl
at
fo
rm
 v
el
oc
ity
 (m
.s
-1
)
Time from perturbation onset (s)
B
Chapter 6: Relationship between Torque and Perturbation Response 
	
	 87	
entered predictor variables (isometric strength parameters that displayed highest 
correlations with criterion variables) that independently explained a proportion of the 
total variance of COMD and COMV (criterion variables). Statistical significance was 
defined as P < 0.05. All statistical procedures were performed with IBM SPSS 
Statistics for Windows (Version 22.0, NY, USA, IBM Corp.). 
 
6.3 Results 
 
6.3.1 Variability of Explosive Torque and Measures of Balance 
Perturbation  
Explosive torque increased progressively throughout the first 150 ms of explosive 
contractions for both muscle groups: KE explosive torque rose from 0.65 N.m.kg-1 at 
50 ms (coefficient of variation (CV) 55%) to 2.26 N.m.kg-1 at 150 ms (CV 32%) and PF 
explosive torque increased from 0.38 N.m.kg-1 at 50 ms (CV 42%) to 1.82 N.m.kg-1 at 
150 ms (CV 23%; Figure 6.5). 
 
Figure 6.5. Explosive knee extensor (A, black squares) and plantar flexor (B, black 
circles) torque for each measured time point (ms). Values are mean ± SD (n = 33) with 
maximum and minimum values (dashed line).  
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During the first 500 ms of anterior perturbations, the COMD relative to the base of 
support (the platform) was increasingly posterior (0.005 m at 100 ms (CV 23%) up to 
0.07 m after 500 ms (CV 15%), positive displacement value indicates posterior 
COMD). Consequently, there was an increasing posterior COMV during the initial 
phase of perturbation, on average peaking 300ms after perturbation (CV 13%), before 
decreasing (decelerating) and becoming an anterior velocity after 500 ms (Figure 6.6). 
	
Figure 6.6. Centre of mass (COM), (relative to centre of moving force plate) 
Displacement (A, black squares, positive indicating posterior displacement) and COM 
Velocity (B, black circles) for each time point (ms) post perturbation. Values are mean 
± SD (n = 33) with maximum and minimum values (dashed line). 
 
6.3.2 Bivariate Correlations of PF Muscle Function and COMD and COMV 
PF explosive torque at all time points exhibited weak to moderate correlations with 
COMD in the later phase of the perturbation (PF 50 ms and COMD at 500 ms, r = -
0.380, P = 0.029; PF 100 ms and COMD 400-500 ms, r = -0.349 to -0.416, P≤ 0.046, 
Figure 6.7A; PF 150 ms and COMD from 400-500 ms, r = -0.352 to -0.406, P ≤ 0.044, 
Figure 6.8A). PF explosive torque at all time points also exhibited weak to moderate 
negative correlations with COMV in the later phase of the perturbation (PF 50 ms and 
COMV 400- 500 ms, r = -0.421 to -0.459, P ≤ 0.015; PF 100 ms and COMV 400- 500 
ms, r = -0.398 to -0.508, P ≤ 0.022, Figure 6.7B; PF 150 ms and COMV 300-500 ms, 
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r = -0.346 to -0.479, P ≤ 0.049; Figure 6.8B). In contrast, PF MVT was unrelated to 
either COMV or COMD.  
	
Figure 6.7. Sample scatter plots of PF explosive torque at 100 ms and (A) COM 
Displacement at 400 ms and (B) COM Velocity at 400 ms (n = 33). 
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Figure 6.8. Pearson’s product moment correlation coefficients between explosive 
torque of the plantar flexors (PF) at three time points (50, 100, 150) and centre of mass 
displacement (COMD, A) and centre of mass velocity (COMV, B) post perturbation (n 
= 33). Y axis inverted for ease of visualization. 
 
6.3.3 Bivariate Correlations of KE Muscle Function Measures and COMD 
and COMV 
KE explosive torque at 50, 100 and 150 ms showed weak to moderate negative 
correlations with COMV at 400 ms (r = -0.381 to -0.411, P ≤ 0.021, Figure 10A) but 
not with any measures of COMD (Figure 10B). KE MVT was negatively correlated with 
COMV at 300 ms (r = -0.371, P = 0.033) but not with COMD. 
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Figure 6.9. Pearson’s product moment correlation coefficient between explosive 
torque of the knee extensors (KE) at three time points (50, 100, 150) and centre of 
mass displacement (COMD) (A) and centre of mass velocity (COMV) (B) post 
perturbation (n = 33). Y axis inverted for ease of visualization. 
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6.3.4 Multiple Regression Analysis 
As PF 100 and KE 100 had the greatest correlations with COMD and COMV across 
perturbations these values were chosen as predictor variables. Consequently, multiple 
regression analysis found that PF 100 ms predicted 17.3% of the variability in COMD 
at 500 ms and 25.8% of the variability in COMV at 400 ms. KE 100 ms was not found 
to be a significant predictor of COMD or COMV within the multiple regression analysis.  
 
6.4 Discussion  
The present study investigated the relationship between the COM stabilisation 
(displacement/velocity) in response to unexpected anterior perturbations and both 
knee extensor and plantar flexor explosive torque. Explosive PF torque had weak to 
moderate correlations with COMD from 400-500 ms (r = -0.349 to -0.416) and COMV 
from 300-500 ms (r = -0.346 to -0.508; i.e. more explosive torque less COMD and 
COMV), with weaker correlations between explosive KE torque and COMV at 400 ms 
(r = -0.381 to -0.411) but not with COMD. In contrast PF MVT was not related to any 
measure of COMV or COMD and KE MVT was only negatively correlated to COMV at 
300 ms (r = -0.371) but not to COMD.  
 
These findings suggest that greater explosive torque, particularly from the distal (PF) 
musculature, results in better control of the COM in response to unexpected 
perturbations. Explosive PF torque explained up to 25.8% of the variability in the 
COMV following perturbation. Thus, while PF explosive torque was the primary 
neuromuscular determinant of the ability to respond to unexpected perturbation in this 
study, the majority of the variance remained unexplained. Somatosensory and reflex 
responses might also be expected to contribute substantially to the perturbation 
response. Significant correlations were consistently found for explosive torque 
measured at a range of time points, with both COMV and COMD from 300-500 ms 
indicating a genuine, systematic relationship. 
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Our findings of a negative relationship between explosive torque and COM response 
substantiates previous research that found higher explosive torque to be related to 
superior static or premeditated balance responses (Izquierdo et al., 1999, Sundstrup 
et al., 2010, Jakobsen et al., 2011, Palmer et al., 2014, Ema et al., 2016). However, 
the current study was the first to investigate the response to unexpected dynamic 
perturbations that provides greater ecological validity to acute sporting injury risk. In 
overview, there is accumulating evidence that lower limb explosive torque production 
improves the ability to recover balance and appears to be an important component of 
falls risk and injury prevention (Bento et al., 2010, Sundstrup et al., 2010, Jakobsen et 
al., 2011).  
 
Repeated correlations were found between PF explosive torque and both COMV and 
COMD values providing evidence of a consistent relationship, however KE explosive 
torque only correlated with COMV at 400 ms and not with any COMD values, 
presumably because the KE did not sufficiently influence COMV to effect COMD. 
COMD relates to the distance the COM has moved from the initiation of perturbation 
and controlling COMD may reduce the potential of an injurious position in response to 
perturbation. Explosive torque of the PF correlated with both the velocity and 
displacement of the COM, unlike KE explosive torque. Furthermore, PF explosive 
torque was the only predictor of COM response in the stepwise regression. Therefore, 
PF explosive torque appears more important in controlling the dynamic perturbation 
response. The greater importance of the PF may be a consequence of a distal to 
proximal muscle activation pattern in response to perturbations, where postural 
muscle activation begins at the base of support (Alexander et al., 1992, Sveistrup and 
Woollacott, 1997, Lin and Woolacott, 2002). A greater contribution of the ankle 
musculature and a lesser contribution of the knee musculature in achieving postural 
control in response to perturbation is in accordance with previous literature which 
found a greater contribution of distal musculature towards the corrective response to 
perturbations (Hall and Jensen, 2002, Jakobsen et al., 2011).  
 
In contrast to PF explosive torque PF MVT was not correlated with either COMD or 
COMV. Other studies have also found weaker or no relationship for MVT and balance 
performance, compared to explosive torque (Izquerdo et al., 1999, Lee et al., 2009, 
Bento et al., 2010). As maximal torque can take more than 300 ms to produce it seems 
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that explosive torque may be more pertinent in response to rapid stimuli such as 
unexpected perturbations and sports related injury mechanisms (Krosshaug et al., 
2007b, Sundstrup et al., 2010). The relationship between EVT, and not MVT, to 
perturbation response demonstrates that explosive torque production, rather than 
maximal torque, appears the most important neuromuscular characteristic in 
responding to rapid alterations to postural balance. Therefore, future interventions for 
improving postural balance response may benefit from including specifically explosive 
strength training, rather than training for maximal strength.   
 
Correlations between PF/KE explosive torque and COM response to perturbation only 
became significant from 300 ms onwards. The anterior platform perturbation, caused 
the COM to initially move posteriorly relative to the base of support/platform (Moore et 
al., 1988), before participant’s initiated a response to prevent the COM moving outside, 
and in this case posterior to, the base of support (Lin and Woollacott, 2002). 
Considering muscle response latency, potentially over 100 ms (Nashner et al., 1979, 
Horak et al., 1989) including sensory and neurological delays, followed by 
electromechanical delay (Blenkinsop et al., 2016), it is feasible that the initiation of 
compensatory muscular torque only commenced 150 ms after the perturbation. 
Thereafter muscular torque would have progressed rapidly to slow and ultimately 
reverse the posterior velocity of the COM imposed by the anterior platform 
displacement. This potential reversal of COMV consequently exhibited a reduction in 
COMD from 400 ms; implying reactive torque may have reduced the COM 
displacement from the perturbing mechanism. The effects of EVT on COMV becoming 
apparent at 300 ms and onwards would be consistent with voluntary muscular torque 
commencing in response to the perturbation 150 ms after perturbation initiation.  
 
Many sporting injuries, such as ACL injuries, are in response to an activity involving 
an initial contact, such as landing and changing direction (Krosshaug et al., 2007b, 
Koga et al., 2010). Therefore, future research should attempt to replicate the current 
findings in a sporting specific scenario to confirm the relationship between explosive 
torque and kinematic and kinetic responses (e.g. knee abduction angles, reactive joint 
torques) following a task such as landing from a jump or changing direction. As sports 
injury is higher in the latter portion of sporting events (Hawkins et al., 2001), 
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investigating the effects of fatigue on explosive torque and perturbation response may 
provide further insight in conjunction with the current findings.    
 
In conclusion, the ability to produce torque rapidly in the PF was moderately 
associated with the response to unexpected perturbations, predicting up to 26% of 
perturbation response. This indicates that higher explosive torque capacity, that can 
be developed through training (Balshaw et al., 2016), is useful in responding to 
external collisions and disturbances of balance, and would be expected to reduce 
injury risk in sporting situations. 
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7.1 Introduction 
Football (soccer) participation includes a significant risk of musculoskeletal injury 
(Hagglund et al., 2003, Woods et al., 2003), including hamstring strain injuries (HSI), 
which are one of the most common injuries in football (Woods et al., 2004, Ekstrand 
et al., 2011) and anterior cruciate ligament (ACL) injuries, which are also highly 
prevalent (Walden et al., 2011). Considering the magnitude of economic and societal 
costs of sports injuries (Cumps et al., 2008, Mather et al., 2013), including the 
increased risk of osteoarthritis following an ACL injury (von Porat et al., 2004, 
Lohmander et al., 2007), identifying contributors to these injury mechanisms to assist 
in prevention strategies remains imperative. The majority of football injuries occur in 
the last 15 minutes of each half (Hawkins and Fuller, 1999, Hawkins et al., 2001, 
Rahnama et al., 2002, Woods et al., 2003, 2004) strongly implicating the effects of 
fatigue as a causative factor in sporting injury. However, the influence of fatigue on 
neuromuscular function and joint stabilisation has not been fully elucidated. 
 
The ratio of knee flexors to knee extensors strength, commonly referred to as the 
hamstrings-to-quadriceps ratio (H/Q ratio) has been proposed to influence the 
capacity for dynamic joint stabilization (Aagaard et al., 1995, 1998) influencing both 
ACL risk (Myer et al., 2009) and HSI risk (Crosier et al., 2008). Previous literature has 
demonstrated that fatigue can reduce the maximal H/Q ratio (Rahnama et al., 2003, 
Small et al., 2010, Delextrat et al., 2010, Cohen et al., 2015, Coratella et al., 2015). 
However, achieving maximal isometric torque can take >300 ms (Thorstensson et al., 
1976) and sporting injuries, such as ACL injuries, occur very rapidly (<50 ms from 
initial contact; Krosshaug et al., 2007b, Koga et al., 2010), therefore measuring 
explosive rather than maximal torque may be more relevant to sports injury risk. This 
has led to research on explosive H/Q ratio (Hannah et al., 2014), where a lower 
explosive H/Q value has been suggested to predict ACL injury risk (Zebis et al., 2011).  
 
The effect of football specific fatigue on explosive H/Q ratio has received little attention 
despite the potential consequences for injury risk.  A preliminary study with limited 
methodology reported reduced explosive knee extension and flexion torque post 
fatigue, but no difference in the explosive H/Q ratio (Greco et al., 2013). This study 
used a suboptimal fatigue intervention lacking sports specificity (no changes of 
direction) and a poor neuromuscular protocol (simultaneous maximum and explosive 
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contractions, poor instruction/ feedback to optimise explosive performance). 
Therefore, further research is required to investigate the effects of football specific 
fatigue on explosive H/Q ratio.  
 
An increased risk of injuries in the latter portions of a football game may also be 
explained by the effect of fatigue on balance response (Woods et al., 2003, 2004, 
Hawkins et al., 2001). The dynamic postural control system may be impaired and fail 
to produce appropriate muscular response, resulting in inferior dynamic joint stability 
(Greig and Walker-Johnson, 2002, Hassanlouie et al., 2014). Football fatigue related 
reductions in balance performance have previously been found (Greig and Walker-
Johnson, 2002, Brito et al., 2012), but only in relatively static tasks that do not replicate 
the unexpected, dynamic perturbations than can lead to sporting injuries (Koga et al., 
2010). Consequently, due to the paucity of research on the effect of football induced 
fatigue on the response to unexpected dynamic perturbations, further, more rigorous 
investigation is warranted. 
 
Therefore, the current study aimed to investigate the effect of football simulated fatigue 
on maximal and explosive hamstrings and quadriceps torque, and thus the maximal 
and explosive H/Q ratio, as well as the effect of football simulated fatigue on response 
to dynamic perturbation. It was hypothesised that football simulated fatigue would 
reduce maximal and explosive hamstrings and quadriceps torque. Greater declines in 
hamstrings than quadriceps function was predicted due to the greater eccentric load 
required by the hamstrings to continually decelerate and accelerate during the change 
of directions required during the fatigue protocol (Robineau et al., 2012, Greco et al., 
2013). It was also hypothesised that football simulated fatigue would reduce explosive 
more than maximum torque, due to lower fatigue resistance in the Type II fibers, 
resulting in reduced maximal and explosive H/Q ratio. Finally, it was hypothesised that 
fatigue would result in impaired balance response to unexpected perturbation. 
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7.2 Methods 
 
7.2.1 Participants 
Fifteen healthy, active males (mean ± SD: age 24.2 ± 4.2 years; height 1.79 ± 0.09 m; 
body mass, 77.3 ± 10.7 kg; estimated VO2max, 51.2 ± 5.1 ml∙kg∙min-1) provided written 
informed consent prior to their participation in the study, which was approved by the 
Loughborough University Ethical Advisory Committee. Participants had a BMI of £ 25 
kg.m-2, no history of traumatic lower limb injury (ACL rupture, fracture etc.) or current 
musculoskeletal conditions. Body mass and height were measured using a calibrated 
scale and stadiometer (Seca, Hamburg, Germany). All participants regularly 
participated in team sports (minimum twice per week) such as football and/or rugby. 
Participants were advised not to undertake any unaccustomed/strenuous physical 
activity for 36 hours prior to their laboratory visit and to arrive in a relaxed state, having 
eaten and drunk normally. 
 
7.2.2 Experimental Design 
The study was a randomised, controlled, crossover design. Participants visited the 
laboratory on three occasions, separated by 5-10 days: a familiarisation session and 
two experimental sessions, consisting of an exercise and control condition in a 
randomised order. All sessions commenced between 8:00 am and 4:00 pm. The 
familiarisation session involved participants completing a series of isometric muscle 
function tests of the knee flexors (KF) and knee extensors (KE) on two separate 
custom built isometric dynamometers. Subsequently in the familiarisation session, 
participants completed the multi-stage fitness test (MSFT; Ramsbottom et al., 1988) 
to determine individual walking, jogging and cruising speeds for the exercise/ fatigue 
intervention. The experimental exercise condition (fatigue protocol) comprised a 
modified version of the Loughborough Intermittent Shuttle Test (LIST; see below, 
consisting of Part A up to 75 minutes, Part B from 75 minutes onwards involving fatigue 
protocols 1, 2 and 3) with up to 750 ml of water to be consumed ad libitum. In the 
control condition, the LIST was replaced with a 90-minute period of seated rest. The 
measurement protocol was identical in the two sessions, and involved unanticipated 
balance perturbations followed by muscle function (KF and KE randomly ordered, 
maximal contractions followed by explosive contractions) assessments at the start of 
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the test session (pre). Post- testing occurred in the latter stages of the fatigue/control 
intervention, perturbation testing after fatigue protocol 1 or time equivalent in control 
(see below, Perturbation test time: commenced at 78.5 ± 1.7 minutes, lasting 1.5 
minutes), muscle function testing after fatigue protocols 2 and 3 or time equivalent in 
control (first muscle group test: commenced at 80.9 ± 1.1 minutes lasting 1.5 minutes, 
second muscle group test: 83.5 ± 1.3 minutes lasting 1.5 minutes). The order of 
measurements (perturbation and muscle function testing, pre and post for both 
exercise and control) was identical for each individual, but the order of knee flexion 
and extension tests was randomised between participants. Isometric dynamometers 
were located by the side of the running track and the CAREN (see below) was in the 
adjacent room beside the running area to ensure minimal transition time to reduce 
potential recovery prior to testing (< 1 minute from cessation of fatigue protocol to 
commencement of testing, standardised for all participants). 
 
7.2.3 Modified LIST 
Participants were fitted with a heart rate monitor and instructed to complete a self-
selected 5-minute warm-up that would replicate their normal sporting behaviour prior 
to commencing the protocol. The LIST is a shuttle run protocol (Figure 7.1) where 
participants are required to run between two lines, 20 m apart, at varying speeds 
dictated by an audio signal and based on speeds corresponding to their estimated 
VO2max. The LIST is a validated fatigue protocol (Nicholas et al., 2000) designed to 
replicate the activity patterns and the physiological demands of a football game in 
order to provide a state of fatigue that was comparable to that at the end of a football 
match (Nicholas et al., 1995, 2000). The LIST has been used extensively to study the 
physiological effects of fatigue associated with football (Morris et al., 2005, Foskett et 
al., 2008, Sunderland et al., 2008, Magalhaues et al., 2010) and has been found to be 
a valid and reliable fatigue protocol that closely replicates the activity profile, metabolic, 
physiological and neuromuscular demands of a football game (Nicholas et al., 2000, 
Magalhaues et al., 2010). The exercise periods involved: 3 x 20m walking, 1 x 20m 
maximal sprint, 4 s recovery, 3 x 20 m at a running speed equivalent to 55% VO2max 
(jog), 3 x 20 m at a running speed corresponding to 95% VO2max (cruise) (Nicholas et 
al., 1995, 2000, Magalhaes et al., 2010). This pattern is replicated for each 15-minute 
block followed by a 3-minute recovery period. This pattern is described as Part A 
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during this protocol. Maximum rate of oxygen consumption (VO2max) was estimated 
from individual MSFT scores to calculate the jogging and cruising speeds, using an 
equation developed by Ramsbottom et al. (1988). The different intensities of shuttles 
were dictated by a pre-recorded, modifiable audio track based on these results. In 
order to replicate a football match, a 15-minute half time rest period was provided 
following the third part A block. Part A continued for the first 75 minutes, where part B: 
fatigue protocols 1, 2 and 3 then commenced. Each part B fatigue protocol was 
designed to bring the participants to voluntary exhaustion in ~5 minutes. Part B 
consisted of: 1 x 20m maximal sprint, 4 s recovery, 3 x 20 m at a running speed 
equivalent to 55% VO2max (jog), 6 x 20 m at a running speed corresponding to 95% 
VO2max (cruise) until participants could not keep time with audio signal or until voluntary 
exhaustion. Upon completion of the first part B block (fatigue protocol 1), perturbation 
testing was completed, following completion of the second part B block (fatigue 
protocol 2) one of the muscle function tests was completed and the remaining muscle 
function test was repeated following the final part B block (fatigue protocol 3). All of 
these tests were aimed to be completed close to 90 minutes, depending on each 
individual’s time to exhaustion, to replicate the duration of a football match.  
Figure 7.1. The modified LIST protocol.  
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Average heart rate (HR) was recorded for each block using the heart rate monitor 
display (Polar T31; Polar Electro, Kempele, Finland). Sprint times were recorded using 
timing gates (Brower Timing Systems, Utah, USA) and average sprint times were 
calculated for each block. Rating of perceived exertion (RPE) was also taken following 
each block the 6-20 Borg Scale (Borg, 1982). 
 
7.2.4 Muscle Function Measurements 
Knee Extension: Participants were secured in a customised dynamometer with hip 
and knee joint angles of 140º and 150º respectively (where 180º is full extension) 
(Figure 7.2A). A knee angle of 150˚ was selected as this is the position in which the 
majority of ACL injuries occur (Krosshaug et al., 2007b). Adjustable strapping across 
the pelvis and shoulders prevented extraneous movement. A strap, 40 mm width of 
reinforced canvas webbing, was placed proximal to the ankle (15% of tibial length 
above medial malleolus) and was in series with a calibrated S-beam strain gauge 
(Force Logic, Swallowfield, UK). The analogue force signal from the strain gauge was 
amplified (x370) and sampled at 2000 Hz using an external A/D converter (Micro 1401; 
CED, Cambridge, UK) interfaced with a personal computer running Spike 2 software 
(CED Ltd., Cambridge, UK). In offline analysis, force data were low-pass filtered at 
500 Hz using a fourth-order zero-lag Butterworth filter, gravity corrected by subtracting 
baseline force, and multiplied by lever length (distance from ankle strap centre to knee 
joint space) to calculate torque (Balshaw et al., 2016). 
 
Knee Flexion: Participants were secured in a prone position on a custom-built 
isometric dynamometer (Figure 7.2B) with a hip and knee joint angle of 140˚ and 150˚, 
respectively. Adjustable strapping was placed across the back, pelvis and knee in 
order to prevent extraneous movement. The distal tibia was placed in a metal brace 
and an ankle strap was securely fastened 2 cm proximal to the lateral malleolus. The 
brace was in series with an identical strain gauge as used for knee extension testing, 
and positioned perpendicular to the tibia. The force signal was sampled in the same 
manner as the knee extension force with identical hardware, software and processing 
techniques utilised as for the knee extensors.  
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Figure 7.2. The knee extension (A) and knee flexion (B) isometric testing apparatus 
 
7.2.5 Electromyography (EMG)  
Surface EMG signals were recorded from the superficial knee extensors (rectus 
femoris (RF), vastus medialis (VM) and vastus lateralis (VL)) and knee flexors (biceps 
femoris (BF) and semitendinosus (ST)) using a wireless EMG system (Delsys Trigno 
System, Boston, MA, USA). After preparation of the skin by shaving, light abrasion 
and cleaning with 70% ethanol, single differential Trigno Standard surface EMG 
sensors (Delsys Inc., Boston, MA) were attached over each muscle, parallel to the 
presumed orientation of the muscle fibres, and at standardised percentages of thigh 
length (measured from the knee joint space to the greater trochanter) above the 
superior border of the patella (VM 30%, VL 50%, RF 60%) or from the popliteal fossa 
(BF and ST 45%). The EMG signal was amplified at source (x 300; 20- to 450- Hz 
bandwidth) before further amplification (overall effective gain, x909) and sampled at 
2000 Hz using the same A/D converter and PC software as the force data. For offline 
analysis, EMG was band pass filtered at 6-500Hz using a fourth-order zero-lag 
Butterworth filter, and corrected for the 48 ms delay inherent to the Trigno EMG system 
analogue output. 
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7.2.6 Protocol 
Maximum Voluntary Isometric Contractions: Participants performed a series of warm-
up contractions at ~50% and ~75% of perceived maximum voluntary torque (MVT). 
The warm-up protocol was repeated following the control session but warm-up 
contractions were not required following the experimental condition. Following the 
warm-up, participants performed three maximum voluntary contractions (MVCs) each 
lasting 3s with >30 s rest between them.  Participants were instructed to contract as 
hard as possible and motivated with a standardised script of strong verbal 
encouragement and real time visual biofeedback of the force response during and 
after each contraction. MVT was defined as the greatest torque during any of the 
MVCs or explosive contractions (see below). Force values (N) were multiplied by 
individual lever lengths (m) to calculate maximal voluntary torque (MVT) values in N.m 
for the knee extensors (KE) MVT and knee flexors (KF) MVT. The H/Q MVT ratio, 
expressed as a percentage (%), was then calculated by dividing KF MVT by KE MVT 
and multiplying by 100. Maximal EMG amplitude was calculated for KE and KF by 
calculating the root mean square (RMS) EMG for a 500 ms epoch at MVT (250 ms 
either side), for each electrode site before averaging across the three quadriceps sites 
for quadriceps EMG at MVT (QEMGMVT) and averaged across the two hamstrings 
sites for hamstrings EMG at MVT (HEMGMVT). 
 
Explosive Voluntary Isometric Contractions: Following conclusion of MVCs, 
participants completed 5 explosive contractions, each separated by 15s rest. 
Repetitions were kept as low as possible to minimize recovery time during the fatigue 
protocol. Participants were instructed to contract ‘as fast and as hard as possible’ for 
1 s with the emphasis on ‘fast’. To provide biofeedback on their explosive performance 
the slope of the force time curve was displayed throughout the contractions, with the 
peak slope (maximal rate of force development, calculated over a 10 ms epoch) of 
their best attempt highlighted with an onscreen cursor. Contractions associated with 
obvious pretension or a counter movement were discarded and another attempt made. 
A visual marker on screen depicted 80% of MVC during the explosive contractions 
and participants were instructed to achieve at least this level of force in order to ensure 
a forceful contraction. The explosive contractions were performed until 5 contractions 
met these criteria. RMS EMG of recording sensor was measured over three time 
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windows: 0-50, 0-100 and 0-150 from EMG onset of the first agonist muscle to be 
activated before averaging all the recording from the quadriceps (QEMG0-50, QEMG0-
100, QEMG0-150) and hamstrings (HEMG0-50, HEMG0-100, HEMG0-150), respectively. 
 
During offline analysis, the three most suitable explosive contractions (no pre- tension, 
no countermovement, highest torque production) were chosen for analysis and all 
torque and EMG onsets were identified manually through visual identification using a 
systematic approach considered to have superior validity to automated methods (Tillin 
et al., 2010, 2013). Torque and EMG signals were viewed on an x-axis scale of 300 
ms prior to the contraction and y axis scales of 0.68 Nm-0.05mV before zooming in to 
determine the final peak or trough before the signal deflected away from the envelope 
of the baseline noise (Tillin et al., 2010, 2013; Balshaw et al., 2016). Explosive torque 
of the knee flexors and extensors was measured at 50, 100 and 150 ms from EMG 
onset. Explosive H/Q ratio was calculated for each time point, using the same 
calculation as the H/Q MVT ratio. Calculating the explosive torque from EMG onset 
was chosen to include the inherent electromechanical delay (EMD), an important 
element of explosive neuromuscular performance (Hannah et al 2014). EMD was 
determined as the time difference between EMG onset and force onset, with the 
longest time difference (EMDmax) being identified for the quadriceps (QEMDmax) and 
hamstrings (HEMDmax) and expressed in ms. Final values for all torque and EMG 
measurements were calculated by averaging values from the three selected 
contractions. 
 
7.2.7 Perturbation Response Testing 
All perturbation trials were completed on a CAREN system (computer assisted 
rehabilitation environment, Motek Medical, Amsterdam, Netherlands), which contains 
a large computer controlled mechanical platform that can independently perturb the 
support surfaces in each of the six degrees of freedom (Figure 7.3A). It has been found 
to be highly reliable for use in postural and balance research and has been extensively 
used for this purpose (Lees et al., 2007, McAndrew-Young et al., 2012, Sessoms et 
al., 2014). Prior to the perturbations fifty-seven spherical markers of 14 mm diameter 
were fixed to the subject (Figure 7.3B) to facilitate collection of kinematic data at 200 
Hz using nine T20 Vicon (Vicon, Oxford Metrics Group, UK) cameras. Whole-body 
segmental anthropometric measurements involved 45 measurements of each 
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participant according to a reduced set inertial model (Yeadon, 1990). These were 
utilised to calculate participant-specific segmental inertial parameters for 15 body 
segments (head, trunk, pelvis, upper arms, forearms, hands, thighs, shanks, feet) 
using Visual 3D (C-Motion, Germantown, MD) and used in the determination of joint 
centre locations and segmental and whole-body centre of mass (COM).  
 
                  
Figure 7.3. Perturbation testing on the CAREN machine (A) employing a fifty- seven 
marker set (B).                                             
 
The COM was defined relative to the centre of the perturbing platform, which was 
defined as the mean position of four markers located at the corners of the force plates. 
Participants were instructed to stand upright on one leg on the CAREN platform with 
their hands by their side with the non-standing foot in a standardised position, which 
had the forefoot lightly touching the ankle of the standing leg, and asked to try to 
remain stationary and not to take a step in response to the perturbation. Trials involved 
six perturbations in a randomised order; three posterior and three anterior. The 
perturbation commenced at random after participants had verbally confirmed they 
A B 
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were stable in their standing position. The perturbations were controlled by a custom 
script written in the Motek Medical D-Flow software. Platform perturbations had a 
magnitude of 0.1 m and a maximum velocity of 0.35 m.s-1. Motion analysis data were 
analysed off-line. Data were low pass filtered with a fourth-order zero-lag Butterworth 
filter using a cut off frequency of 15 Hz. Initiation of perturbation was defined as when 
the velocity of platform markers exceeded 0.005 m.s-1. Centre of mass (COM) 
displacement (over 5 ms time periods) values were obtained from the initiation of 
perturbation to 500 ms post perturbation using Visual3D software (C-motion, 
Germantown, MD, USA) with values at 100 ms intervals used for further analysis.   
 
7.2.8 Statistical Analysis 
Data are presented as mean ± SD. For all indices measured pre and post in both 
conditions (measures of maximal and explosive torque and EMG) the interaction 
effects of condition and time were analysed using a two-way repeated measures 
ANOVA (condition (control vs exercise) x time (pre vs post)). Within groups 
comparisons were investigated using a paired samples t-test. Indices measured on 
one occasion (sprint times, HR and RPE) were analysed using a one-way repeated 
measures ANOVA, with a post-hoc Bonferroni correction to adjust for multiple 
comparisons.  All statistical procedures were performed with IBM SPSS Statistics for 
Windows (Version 22.0, NY, USA, IBM Corp.) and statistical significance was 
accepted at P < 0.05. 
 
7.3 Results 
 
7.3.1 Physiological Variables during the Exercise Condition 
Sprint performance, HR and RPE all changed during the exercise condition (ANOVA, 
P £ 0.002). Mean sprint performance during the three fatigue protocols (Part B) was 
slower and RPE was higher than all the prior 15-minute blocks (Part A) (ANOVA, P £ 
0.005; Table 7.1). HR was higher during the first fatigue protocol (Part B) than the prior 
15-minute blocks (Part A) (ANOVA, P £ 0.02; Table 7.1). No differences were found 
for any of the physiological variables between the fatigue blocks (Part B) (ANOVA, P 
³ 0.082) 
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Table 7.1. Physiological variables during the exercise condition (LIST protocol). Data 
are mean ± SD, n = 15. *Significant difference to time periods 15-75 mins (P < 0.05) 
 
Exercise Block Sprint Times (s) RPE HR (b.min-1) 
0-15 mins (Part A) 2.53 ± 0.10 14 ± 2 161 ± 13 
15-30 mins (Part A) 2.56 ± 0.11 15 ± 2 167 ± 11 
30-45 mins (Part A) 2.58 ± 0.10 16 ± 2 167 ± 11 
45-60 mins (Part A) 2.59 ± 0.12 14 ± 2 160 ± 12 
60-75 mins (Part A) 2.58 ± 0.11 16 ± 2 164 ± 12 
Fatigue 1 (Part B) 2.93 ± 0.19* 19 ± 2* 176 ± 8* 
Fatigue 2 (Part B) 2.99 ± 0.21* 18 ± 2* 171 ± 9 
Fatigue 3 (Part B) 2.98 ± 0.30* 19 ± 1* 172 ± 9 
 
7.3.2 Maximum Voluntary Torque of the KE and KF 
QMVT decreased following exercise (-12%; paired t-test P = 0.002; Figure 7.4A), but 
not control (-2%; paired t-test P = 0.21; Figure 7.4A), and consequently there was a 
condition x time interaction effect (ANOVA, P = 0.017). QEMGMVT also decreased 
following exercise (-15%; paired t-test P = 0.005; Figure 7.4B) but not control (+2%; 
paired t-test P = 0.63, Figure 7.4B) and showed a condition x time interaction effect 
(ANOVA, P = 0.004).  
 
HMVT decreased after exercise (-15 %; paired t-test P = 0.001; Figure 7.4C), but not 
control (+1%, paired t-test P = 0.80; Figure 7.4C) and exhibited a condition x time 
interaction effect (ANOVA, P = 0.013). HEMGMVT decreased following both exercise (-
25 %; paired t-test P = 0.004; Figure 7.4D) and control (-16 %; paired t-test P < 0.001; 
Figure 7.4D), and showed no condition x time interaction effect (ANOVA, P = 0.178). 
No within or between group differences were found for H/Q MVT ratio (condition x time 
interaction ANOVA, P = 0.256; Figure 7.4E). 
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Figure 7.4. Knee extension (KE) maximum voluntary torque (MVT) (A), knee flexion 
(KF) MVT (C) and the H/Q MVT ratio (E). Quadriceps EMG (QEMGMVT) (B) and 
hamstrings EMG (HEMGMVT) (D) amplitude at MVT are also shown. Pre (black bars) 
and post (white bars) for control and exercise conditions. Data are mean ± SD (n = 
15). Significant differences from pre- to post- condition indicated by *, P < 0.05 
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7.3.3 Explosive Voluntary Torque of the KE and KF 
Neither KE explosive torque (ANOVA, P ³ 0.578; Figure 7.5A) or KF explosive torque 
(ANOVA, P ³ 0.062; Figure 7.5B) showed a condition x time interaction effect or within 
group change (paired t-test P ³ 0.101) for any time point. No condition x time 
interaction effect was found for explosive QEMG0-50 and QEMG50-100 (ANOVA, P ³ 
0.908; Figure 7.5C). However, a condition x time interaction effect was found for 
QEMG100-150 (ANOVA, P = 0.024) showing a decrease following control (-8%; paired 
t-test P = 0.001) but not following exercise (paired t-test P = 0.733). No condition x 
time interaction effect was found for explosive HEMG for any time point (ANOVA, P ³ 
0.072). However, HEMG50-100 (-12%; paired t-test P = 0.030; Figure 7.5D), and 
HEMG100-150 (-18%; paired t-test P = 0.010; Figure 7.5D) decreased following exercise, 
but HEMG0-50 did not change (-0%, paired t-test P = 0.63; Figure 7.5D). No differences 
were found in explosive HEMG following the control condition for any period (P ³ 0.19; 
Figure 7.5E).  
 
Explosive H/Q ratio showed no condition x time interaction effect after 50 or 100 ms 
of contraction (ANOVA, P ³ 0.515; Figure 7.5E). However, consequent to a non-
significant decrease following exercise (-6%, t-test P = 0.269) and an increase 
following control that approached significance (+6%, t-test P = 0.053) a condition x 
time interaction effect was found for explosive H/Q ratio at 150 ms (ANOVA, P = 
0.029). No changes were found for quadriceps EMD (QEMD) (ANOVA, P = 0.515; 
Control, pre: 19.8 ± 3.6 ms vs post: 21.1 ± 4.9 ms; Exercise, pre: 19.0 ± 5.9 ms vs 
post: 22.1 ± 6.3 ms) or hamstrings EMD (HEMD) (ANOVA, P = 0.873; Control, pre: 
29.7 ± 10.4 ms vs post: 27.8 ± 7.3 ms; Exercise, pre: 29.1 ± 8.3 ms vs post: 26.9 ± 6.1 
ms).	 
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Figure 7.5. Changes in explosive KE (A) and KF (B) torque, explosive H/Q ratio (C), 
explosive quadriceps EMG (D) and explosive hamstrings EMG (E) during explosive 
voluntary contractions. Data are mean values ± SD (n = 15). Control: black bars, 
Exercise: white bars. Significant interaction effects indicated by *, P < 0.05. 
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7.3.4 Response to Unexpected Mechanical Perturbations 
In response to unexpected anterior perturbations no differences were found for centre 
of mass displacement (COMD) after the exercise or control condition at any time point 
(P ³ 0.108; Figure 7.6A), and consequently there were no condition x time interaction 
effects (ANOVA, P ³ 0.085). In response to unexpected posterior perturbations, 
COMD at the end of perturbation (500 ms) increased following exercise (+11 %, paired 
t-test P = 0.04; Figure 7.6B) and decreased following control (-6%, paired t-test P < 
0.001; Figure 7.6B), and consequently there was a condition x time interaction effect 
(ANOVA, P = 0.002). No differences were found in COMD in response to unexpected 
posterior perturbations after the exercise or control condition for other time points 
(ANOVA, P > 0.05; Figure 7.6B).		
	 	
Figure 7.6. Changes in Centre of mass (COM) displacement following anterior (A) 
and posterior (B) perturbations. Data are mean values ± SD (n = 15). Control: black 
bars, Exercise: white bars. Significant differences from pre- to post- condition indicated 
by *, P < 0.05. 
 
 
 
 
 
 
 
 
-4
-3
-2
-1
0
1
2
100 200 300 500
△
CO
M
D 
(c
m
)
Time from Perturbation (ms)
-2
-1.5
-1
-0.5
0
0.5
1
100 200 300 500
△
CO
M
D 
(c
m
)
Time from Perturbation (ms)
A B 	*	
			*	
Chapter 7: Effects of Fatigue on Torque and Perturbation Response 
	
	 113	
7.4 Discussion 
This study investigated the effect of football simulated fatigue on maximal and 
explosive KF and KE torque, and thus maximal and explosive H/Q ratio, as well as the 
response to dynamic perturbation. In agreement with our hypothesis, maximal KF and 
KE torque were reduced following exercise while no changes were observed in the 
maximal H/Q ratio. The hypothesis that football simulated fatigue would reduce 
explosive KF and KE torque and explosive H/Q ratio was not supported. The 
hypothesis that football simulated fatigue would result in impaired balance response 
to unexpected perturbation was supported in the posterior direction but not the anterior 
direction.  
 
Following exercise, KE and KF MVT decreased by 12% and 15% respectively.  Similar 
decreases in MVT for the KE and KF have been reported in the literature following 
football simulated protocols (Thorlund et al., 2009, Rampinini et al., 2011, Robineau 
et al., 2012). Larger decreases (KE: -23.5%, KF: -24.4%) have been found in both 
muscle groups after localised exhaustive isokinetic exercise (Moreira et al., 2014), 
which would be expected with a protocol specific to the testing procedure. Contrary to 
our hypothesis, no changes in KE or KF explosive torque occurred following the 
exercise condition at any time point during contraction. These findings are in contrast 
to previous research which found decreased KE and KF explosive torque following 
football specific fatigue (Thorlund et al., 2009, Greco et al., 2013) and following 
repeated KE and KF contractions to exhaustion (Moreira et al., 2015). The fatigue 
protocol of Greco et al. (2013) involved treadmill running consisting of no changes of 
direction and both Greco et al. (2013) and Thorland et al. (2009) measured EVT and 
MVT during the same contraction, which is proposed to result in suboptimal 
measurements for both variables (Maffiuletti et al., 2016). Differing fatigue protocols 
(repeated isokinetic contractions vs football specific protocol, treadmill running vs 
overground running) in addition to inferior assessment methods (EVT and MVT during 
the same contraction vs separately measured) may explain these conflicting findings. 
The lower reliability of EVT (CVW 5.1-16.6%) compared to MVT (CVW 3.3%) 
(Buckthorpe et al., 2012) may also contribute towards changes in maximal and not 
explosive strength being demonstrated by precluding finding changes in the EVT 
measures. 
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The MVT H/Q ratio did not change after football simulation exercise in agreement with 
some previous studies (Thorlund et al., 2009, Greco et al., 2013), but not others that 
found a decrease in MVT H/Q ratio (Rahnama et al., 2003, Small et al., 2010, Delextrat 
et al., 2010, Cohen et al., 2014, Coratella et al., 2015). The studies that found a 
decrease utilised isokinetic measurements, which due to their dynamic nature are 
more susceptible to fatigue than static contractions (Vedsted et al., 2003), potentially 
explaining the contradictory findings compared to the current study. Additionally, no 
differences were found for explosive H/Q ratio after the exercise condition for any time 
point during contraction. Greco et al. (2013) also found no alteration in explosive H/Q 
ratio following their fatigue protocol while Moreira et al. (2015) found significant 
changes in explosive H/Q ratio at 100 ms. As discussed, Moreira et al. (2015) utilised 
repeated KE and KF contractions to exhaustion, this may have preferentially fatigued 
Type II muscle fibers thereby reducing explosive torque output. Contrastingly, the 
current study employed a protocol that closely replicates the activity profile, metabolic, 
physiological and neuromuscular demands of a football game (Magalhaes et al., 
2010), enhancing ecologically validity of the current results to a football situation.  
 
The lack of decrease in KE or KF explosive torque, in H/Q ratio, and more pertinently 
the lack of change in the explosive H/Q ratio, indicates no change in the ability of the 
KF to stabilise the knee joint post football specific fatigue (Hewett et al., 2005, Myer et 
al., 2009), suggesting that these variables are not part of the causative myriad that 
may contribute to the increased occurrence of injury in the latter periods of football 
games (Hawkins and Fuller, 1999, Hawkins et al., 2001, Rahnama et al., 2002, Woods 
et al., 2003, 2004). Various other physiological or biomechanical factors that have 
been shown to deteriorate consequent to fatigue and may contribute to this increased 
injury risk, such as altered kinetics and kinematics, including increased knee valgus 
on landing and altered cutting technique (Borotikar et al., 2008, Kernozek et al., 2009, 
2009, Dickin et al., 2015, O’Connor et al., 2015, Samaan et al., 2015), reduced joint 
proprioception and kinaesthetic awareness (Marks, 1994, Lattanzio et al., 1997, 
Forestier et al., 2002, Ribeiro et al., 2008). 
 
 
Chapter 7: Effects of Fatigue on Torque and Perturbation Response 
	
	 115	
Q and HEMGMVT were reduced following exercise. This substantiates previous studies 
that demonstrated reduced maximal quadriceps activation post fatigue (Rampinini et 
al., 2011, Robineau et al., 2012, Buckthorpe et al., 2014, Lehnert et al., 2017). 
Reduced maximal hamstrings activation post fatigue has been previously 
demonstrated (Minshull et al., 2012, Moreira et al., 2015, Lehnert et al., 2017) but this 
has not always been consistent (Robineau et al., 2012). Furthermore, no differences 
were found for explosive quadriceps EMG or either quadriceps or hamstrings EMD 
after the exercise condition at any time point in the current study. In contrast, explosive 
hamstrings EMG decreased following the exercise condition between 50-150 ms, 
although no interaction effects were found. Reduced QEMG and HEMG have been 
demonstrated during explosive contractions previously post football related fatigue 
(Thorlund et al., 2009). The reason for reduced explosive hamstrings activation in the 
current study, as opposed to explosive quadriceps activation, are speculative but may 
be due to the greater eccentric load required by the hamstrings to continually 
decelerate and accelerate during the change of directions required during the LIST 
(Robineau et al., 2012, Greco et al., 2013). Thorlund et al.’s (2009) protocol involved 
kicking, tackling and sideways cutting which may have resulted in an additional 
stimulus to the quadriceps not observed in the current purely running based protocol. 
EMG recordings in the current study were not normalised for the electrical recording 
conditions (e.g. Mmax; Tillin et al., 2012) in order to promptly assess function in the 
fatigued state. Therefore, any changes in the electrical recording conditions (e.g. 
perspiration or temperature during the exercise condition (Halaki and Ginn, 2012)) 
may have influenced the findings. 
 
Football simulated fatigue resulted in impaired balance response to unexpected 
perturbation in the posterior direction but not the anterior direction. This could suggest 
that the dynamic postural control system, in response to posterior perturbations, may 
be impaired and fail to produce appropriate muscular response following football 
related fatigue, potentially resulting in inferior protective function for dynamic joint 
stability (Greig and Walker-Johnson, 2002, Hassanlouie et al., 2014). Football fatigue 
has been found to reduce balance performance (Greig and Walker-Johnson, 2002, 
Brito et al., 2012) during relatively static tasks. Consequently, our current findings on 
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the effect of football induced fatigue on dynamic balance response to posterior 
perturbations are novel. Changes following fatigue only occurred for COMD following 
posterior displacement and only at the end of the perturbation. No changes were 
observed for any earlier time point, suggesting that these changes might not be 
applicable to a sporting environment where injuries occur in a much more rapid time 
period (<50 ms, Koga et al., 2010). Posterior platform perturbations result in an 
anterior displacement of the COM relative to the base of support, requiring corrective 
response from the posterior musculature, including the hamstrings (Moore et al., 1988, 
Sveistrup and Woollacott, 1997, Lin and Woollacott, 2002). The aforementioned 
greater eccentric load required by the hamstrings to continually decelerate and 
accelerate during the change of directions required during the LIST (Robineau et al., 
2012, Greco et al., 2013) may help explain the decline in response to posterior 
perturbations. However, neither the hamstrings or the quadriceps demonstrated 
reduced explosive torque following fatigue so the corrective response of both muscle 
groups following perturbation may not have been significantly altered. More distal 
musculature, such as the soleus, gastrocnemius or tibialis anterior may have larger 
effects on these postural responses to perturbation (Hall and Jensen, 2002, Jakobsen 
et al., 2011) and future research should include neuromuscular assessment of these 
distal muscle groups.  
 
This study improved on methodological limitations of previous similar research by 
including a control condition and minimising potential recovery time between the 
exercise condition and post- testing (< 1 minute to start, post- test duration only 1.5 
minutes). The isometric measures used have demonstrated high reliability (Tillin et al., 
2011, 2013, Buckthorpe et al., 2012) as opposed to low-to-moderate reliability 
previously demonstrated for isokinetic measures (Impellizzeri et al., 2008). 
Furthermore, individuals were tested at a knee angle applicable to sporting injury (150 
˚, Krosshaug et al., 2007b, Koga et al., 2010) further increasing the application of 
findings to a potential sports injury scenario. However, the study was limited by the 
lack of EMG normalisation and utilising static, as opposed to dynamic contractions, 
limited ecological validity.  
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In conclusion, football specific fatigue resulted in modest reductions in MVT of the KE 
and KF. Whilst there was increased COM displacement following posterior 
perturbations, this was not the case for anterior perturbations, potentially contributing 
towards reduced joint stability post fatigue. However, explosive performance of both 
the KF and KE and both maximal and explosive H/Q ratio remained unchanged 
implying that alterations in explosive neuromuscular performance may not be a 
contributory factor towards the increased injury risk in the latter portion of football 
games. 
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8.1 Introduction 
The main aim of this thesis was to progress our understanding of the neuromechanics 
of joint stability and possible injury mechanisms by investigating the interactions 
between neuromuscular function and balance perturbations as well as the influence 
of sex and fatigue on these variables and/or their underpinning determinants e.g. 
muscle morphology or neural drive. To address these aims, a series of studies was 
conducted and the main findings of these investigations are as follows:  
 
• Chapter 3 confirmed that knee extensor (KE) and plantar flexor (PF) isometric 
strength parameters (maximum voluntary torque (MVT), explosive voluntary 
torque (EVT)) are related in young healthy adults. Explosive torque of these 
two muscle groups were correlated at 4 out of 5 time points during the rising 
torque-time curve for all absolute (r = 0.488-0.755) and relative (to body mass 
(BM) (r = 0.517-0.669) and MVT (r = 0.353-0.480)) expressions of explosive 
torque. These results suggest that KE and PF function is related for both 
maximum and explosive torque. This relationship suggests that if the PF are 
strong and explosive then the KE will also tend to be strong and explosive.  
 
• Chapter 4 compared the sex differences in MVT and EVT of the KE and PF. 
Males were significantly stronger for KE (+89%, P < 0.001) and PF (+55%, 
P < 0.001). Males also displayed significantly greater EVT at all time points in 
KE (+57-109%, P < 0.001) and at 50-150 ms in PF (+33-52%, P < 0.05). When 
MVT and EVT were normalised to BM, males continued to be stronger at all 
time points in KE (+23-60%, P < 0.05) and from 100-150 ms (18-20%, P < 0.05) 
in PF, but when EVT was normalised to MVT there were no differences between 
sexes for either KE or PF. 
 
• Chapter 5 investigated sex differences in muscle morphology (absolute and 
proportional size and mass distribution) of individual KE and knee flexor (KF) 
muscles, as well as overall size and balance (size ratio) of these muscle groups. 
There were a range of sex differences in muscle morphology that may 
predispose females to greater risk of ACL injury, primarily, a smaller KF:KE size 
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ratio, but also a proportionately small sartorius (SA) and gracilis (GR) and a 
proportionately larger vastus lateralis (VL). This data also confirmed that 
females have a larger biceps femoris long head (BFlh) as a proportion of the 
KF than males, which may contribute to the higher risk of hamstring strain injury 
(HSI) in males. In addition, the different proportions of the constituent KE and 
KF muscles may result in long-term differences in knee stability and loading 
across the knee joint and thus contribute to the sex disparity in OA. 
 
• The aim of chapter 6 was to investigate the relationship between the centre of 
mass (COM) stabilisation (displacement/velocity) in response to unexpected 
anterior perturbations and both KE and PF explosive torque. Explosive PF 
torque had a weak to moderate correlation with COM displacement (COMD) 
from 400-500 ms (r = -0.346 to -0.508) and COM velocity (COMV) from 300-
500 ms (r = -0.349 to -0.416) (i.e. more explosive torque less COMD and 
COMV), with weaker correlations between explosive KE torque and COMV at 
400 ms (r = -0.381 to -0.411) but not with COMD. In contrast PF MVT was not 
related to any measure of COMV or COMD and KE MVT was only negatively 
correlated to COMV at 300 ms (r = -0.371) but not to COMD. These findings 
suggest that greater explosive torque, particularly from the distal (PF) 
musculature, results in better control of the COM in response to unexpected 
perturbations. 
 
• Chapter 7 investigated the effect of football simulated fatigue on: maximal and 
explosive KF and KE torque and maximal and explosive H/Q ratio; and the 
response to dynamic perturbation. Maximal KF and KE torque were reduced 
following the exercise condition while no changes were observed following the 
control condition. However, football simulated fatigue was not found to reduce 
explosive torque of either muscle group, or H/Q ratios (either maximal or 
explosive). Maximal quadriceps and hamstrings EMG was reduced following 
the exercise condition. Football simulated fatigue resulted in impaired balance 
response to unexpected perturbation in the posterior direction but not the 
anterior direction. 
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8.2 The Relationship of Isometric Strength Parameters between Muscle Groups 
Chapter 3 improved the understanding of isometric strength parameters between the 
KE and PF. Explosive torque production is considered more important than maximal 
torque when time to develop force is limited to less than 200 ms (Aagaard et al., 2002, 
Wilhelm et al., 2014), thus it has been investigated in various populations (Winters and 
Rudolph, 2014, Angelozzi et al., 2012) and muscle groups (Tillin et al., 2010, Tillin et 
al., 2013, Palmer et al., 2015). Despite the progression of interest in studying explosive 
torque the relationship of explosive torque between muscle groups has been 
neglected prior to the investigation of chapter 3. Comparing the explosive torque of 
different muscle groups may elucidate the degree of commonality or distinctiveness in 
explosive torque production, and our investigation found a relationship in explosive 
torque production did exist between these two muscle groups.  
 
The finding of a relationship may suggest that explosive capacity may be a systemic 
common trait shared by muscle groups and thus perhaps determined on a whole body 
level. This proven relationship between muscle groups could facilitate a more 
streamlined characterisation of an individual’s neuromuscular performance by 
suggesting that only one muscle group may need to be screened to characterise an 
individual’s maximal and explosive torque capacity. Certainly, KE and PF absolute 
MVT were strongly correlated (R2 = 0.692). This may suggest one of either the KE or 
PF could be utilized during neuromuscular measures for talent identification, training 
monitoring or injury screening. However, explosive torque production between both 
muscle groups showed a much weaker correlation (R2 = 0.353- 0.570). The KE also 
had greater absolute explosive torque than the PF for every time point from 25-150 
ms, and greater relative explosive torque (to MVT) than the PF for every time point 
from 50-150 ms. These weaker correlations, in addition to the differences in time 
history for explosive torque production, would suggest these muscle groups should be 
screened separately if explosive torque is the variable of interest.  
 
Various physiological mechanisms may have accounted for the differences in 
explosive torque between the muscle group, such as differences in fibre type (Johnson 
et al., 1973, Golnick et al., 1974, Edgerton et al., 1975, Harridge et al., 1996), 
differences in fascicle length (Kubo et al., 2014), or differences in neural drive between 
these muscle groups (Mulder et al., 2009). Measurement of the differences in neural 
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drive would have improved this investigation and provided a greater insight into 
potential neural mechanisms responsible for the differences in explosive torque 
production between the muscle groups. Methodological issues such as utilising one 
customised commercial dynamometer and one purpose- built, low compliance 
dynamometer may have contributed to the differences found. Future investigations 
should utilise an additional custom- built, low compliance dynamometer for PF 
assessment with measures of neural drive included. Although the KE and PF work 
synergistically (Gregoire et al., 1984), future investigations of relationships and 
differences in explosive torque between muscle groups would be improved by 
including agonist and antagonist muscle groups to provide further insight into specific 
joint stability (e.g. KE and KF to investigate knee joint stability, PF and dorsi flexors for 
ankle joint stability). Despite these limitations, chapter 3 improved on the limited 
methodology of previous investigations (Jaric et al., 1989) and progressed the current 
knowledge on the relationship of isometric strength parameters between muscle 
groups. 
 
8.3 Sex Differences in Muscle Function and Muscle Morphology 
Both chapters 4 and 5 investigated sex differences with chapter 4 exploring the sex 
differences of isometric strength parameters of KE and PF and chapter 5 examining 
sex differences in muscle size of the KF and KE. Males were significantly stronger for 
KE and PF and males also displayed significantly greater EVT at all time-points in KE 
and at 50-150 ms in PF (chapter 4). Males continued to have significantly greater MVT 
and EVT at all time-points in KE and at 100-150 ms in PF when force was normalised 
to BM but when EVT was normalised to MVT there were no differences between the 
sexes for either KE or PF (chapter 4).  
 
These findings are commensurate with previous investigations on sex differences (Bell 
and Jacobs, 1986, Hannah et al., 2014) but the first to show the same findings in two 
muscle groups simultaneously. Chapter 4 demonstrates that the greater absolute 
torque of males during explosive KE and PF can be largely explained by their greater 
muscle strength, as EVT normalised to MVT was similar between the sexes. This is in 
accordance with previous research suggesting that both sexes have a similar ability 
to utilise their available torque generating capacity of the dynamic knee joint stabilisers 
in an explosive manner (Hannah et al., 2014). This could be interpreted as suggesting 
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that absolute EVT and EVT relative to BM, may be more likely to contribute towards 
the larger risk of non-contact ACL injuries in females. As ACL injuries often occur 
during weight bearing, such as cutting and landing (Krosshaug et al., 2007b, Koga et 
al., 2010) the differences in EVT relative to BM would appear pertinent in this regard. 
Joint loads are known to be influenced by body mass (Messier et al., 2005) and ACL 
loads during landing have been found to be related to body mass (~0.7 x body mass, 
Laughlin et al., 2011). Therefore, future injury prevention strategies for females should 
ensure high-resistance strength training to increase maximum and explosive torque 
production of the KE and PF to reduce the risk of insufficient joint stability in a weight 
bearing situation. However, the inclusion of the KF muscles may have facilitated a 
greater understanding of the sex differences in the stability of the knee joint specifically 
(Hewett et al., 2005). Due to the potential benefit of the addition of the KF to 
investigating the knee joint, the addition of the KF were implemented for investigation 
of morphology in chapter 5 and for neuromuscular investigation in chapter 7.  
 
In accordance with chapter 4, previous research also found lower explosive torque 
(per kg) in a female cohort, but in the KF muscles (Hannah et al., 2015). They found 
no sex differences in agonist activation or electromechanical delay leading to the 
interpretation that these sex differences may be due to reduced relative KF muscle 
size in females. Chapter 5 investigated whether this was the case and found females 
had a smaller KF:KE muscle size ratio, a novel finding. Our finding of a fundamental 
difference in the balance of muscle morphology across the knee provides a likely 
explanation for the lower KF:KE torque ratio of females (Andrade et al., 2012), and 
would be expected to reduce the functional stability of the knee joint and thus may be 
a key factor in the greater incidence of ACL injuries in females. This is an important 
finding that should be replicated in a sporting population to facilitate sports injury 
prevention recommendations.  
 
Furthermore, chapter 5 discovered clear differences in the proportional size of the 
constituent KE (larger VL in females) and KF (smaller GR and SA) further highlighting 
the extent of the sexual dimorphism in muscle size within the thigh musculature. This 
data also confirmed that females have a larger BFlh as a proportion of the KF than 
males, which may contribute to the higher risk of HSI in males. In addition, the different 
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proportions of the constituent KE and KF muscles may result in long-term differences 
in knee stability and loading across the knee joint and thus contribute to the sex 
disparity in OA. Resistance training is known to increase muscular size and strength 
(Reeves et al., 2009, Franchi et al., 2014, Balshaw et al., 2016) therefore, these results 
may indicate the importance of targeted KF resistance training for injury prevention in 
females, especially those with a low KF:KE strength/size ratio. 
 
As mentioned, chapter 5 found females had substantially smaller SA (44%) and GR 
(42%), subsequently these muscles were a smaller proportion of the KF. The large 
sex disparity between these KF muscles (SA, GR) contributed to the lower KF:KE 
ACSAmax ratio. Considering that the SA and GR are known to be important for 
controlling valgus knee forces (Lloyd and Buchanan, 2001, Zhang and Wang, 2001, 
Besier et al., 2003), this sex discrepancy in SA and GR ACSAmax may also be an 
important factor in females’ greater ACL injury risk. Further investigations utilising 
musculoskeletal models with the ability to isolate the effects of increased torque 
production of these specific muscles are warranted. Although chapter 5 ensured the 
analysis of accessory KF muscles other than just the hamstrings (SA, GR), it did not 
include the full complement of KF with popliteus and gastrocnemius excluded. Future 
studies would benefit from inclusion of these muscles to evaluate all KF muscles to 
investigate any further sex differences in muscle morphology than the discussed 
findings. Further investigations should also compare all aspects of muscle-tendon unit 
morphology of knee joint musculature between the sexes including architecture, 
ideally using 3-D diffusion tensor MRI that would facilitate calculation of physiological 
CSA, as well as tendon and aponeurosis morphology. The addition of functional 
measures of the KE and KF would have strengthened these findings and allowed for 
the investigation of relationships between muscle size and neuromuscular function 
and how this may vary between sexes. This also would have facilitated functional 
measures (MVT/EVT) in maintaining  a central, continuous component of all the 
experimental chapters throughout this thesis. 
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8.4 Relationship between Isometric Strength Parameters and Perturbation 
Response 
Chapters 3 and 4 focused on explosive strength performance between muscle groups 
and between sexes respectively. Chapter 6 progressed the exploration of these 
measures in functional tasks by investigating the relationship between isometric 
strength parameters of the KE and PF and reponse to unexpected perturbation. 
Explosive PF torque had a weak to moderate correlation with COMD from 400-500 ms 
(r = -0.346 to -0.508) and COMV from 300-500 ms (r = -0.349 to -0.416) (i.e. more 
explosive torque less COMD and COMV), with weaker correlations between explosive 
KE torque and COMV at 400 ms (r = -0.381 to -0.411). In contrast PF MVT was not 
related to any measure of COMV or COMD and KE MVT was only negatively 
correlated to COMV at 300 ms (r = -0.371) but not to COMD.  
 
These findings suggest that greater explosive torque, particularly from the distal (PF) 
musculature, results in better control of the COM in response to unexpected 
perturbations. Explosive PF torque explained up to 25.8% of the variability in the 
COMV following perturbation. Thus, while PF explosive torque appears to be the 
primary neuromuscular determinant of the ability to respond to unexpected 
perturbation, the majority of the variance remains unexplained. Somatosensory and 
reflex responses might also be expected to contribute substantially to the explained 
variance. Although previous research has found a relationship between explosive 
torque and balance performance (Izquierdo et al., 1999, Sundstrup et al., 2010, 
Jakobsen et al., 2011, Palmer et al., 2014, Ema et al., 2016) this is the first to 
investigate this in a dynamic, unexpected balance task, providing novel, ecological 
validity to sporting situations.  
 
The relationship between EVT and not MVT to perturbation response demonstrates 
that explosive torque production, rather than maximal torque, appears the most 
important neuromuscular characteristic in responding to rapid alterations to postural 
balance. Therefore, future interventions for improving postural balance response may 
benefit from including explosive strength training, rather than training for maximal 
strength. This would be consistent with the recommendations for females from chapter 
4 to increase both maximal and explosive strength. However, conventional strength 
training has been shown to increase muscle volume more than explosive strength 
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training (Balshaw et al., 2016) and this must be considered when choosing the 
appropriate intervention. If alterations in muscle size are deemed the primary 
requirement for injury prevention, such as the sex differences identified in KF:KE size 
ratio in chapter 6, conventional strength training may be the priority. This improved 
maximal capacity should improve explosive capacity as males’ greater explosive 
performance was found to be explained by their maximal capacity in chapter 4 and in 
previous findings (Hannah et al., 2015). However, if an improved balance response is 
the priority, explosive strength training should be prioritised as conventional strength 
training does not alter early phase explosive torque (Balshaw et al., 2016).  
 
8.5 Effect of Fatigue on Isometric Strength Parameters and Perturbation 
Response 
Optimal muscle function and movement control are essential to the preservation of 
joint stability and previous chapters have evaluated these abilities in a rested state, 
with the aim of identifying factors which may be related to sports injury risk. However, 
in sports such as football (soccer) many of these injuries occur towards the end of 
each half (Hawkins and Fuller, 1999, Hawkins et al., 2001, Rahnama et al., 2002, 
Woods et al., 2003, 2004) strongly implicating the effects of fatigue as a causative 
factor in sporting injury. The final experimental chapter (chapter 7) investigated the 
effect of football simulated fatigue on neuromuscular performance and response to 
unexpected perturbations.  
 
Chapter 7 found maximal KF and KE torque reduced following fatigue but no changes 
were found for explosive KF and KE torque or maximal and explosive H/Q ratio. EMG 
during MVT was reduced for both KF and KE. Football simulated fatigue also resulted 
in impaired balance response to unexpected perturbation in the posterior direction.  
The absence of change in KF/KE (or hamstrings/quadriceps (H/Q)) ratio, and more 
pertinently the lack of change in the explosive H/Q ratio, indicates no change in the 
ability of the knee flexors to stabilise the knee joint (Hewett et al., 2005, Myer et al., 
2009) during the later stages of a football game. Therefore, the increased injury risk 
later in each half does not seem to be due to neuromuscular changes (Hawkins and 
Fuller, 1999, Hawkins et al., 2001, Rahnama et al., 2002, Woods et al., 2003, 2004) 
and may be due to factors proven to deteriorate with fatigue but not measured in our 
investigation, such as altered kinematics (O’Connor et al., 2015, Samaan et al., 2015), 
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reduced joint proprioception and kinesthetic awareness (Marks, 1994, Lattanzio et al., 
1997, Forestier et al., 2002, Ribeiro et al., 2008) or changes in decision making 
(Thompson et al., 2009). Certainly, our hypothesis that football specific fatigue would 
alter explosive H/Q ratio was not confirmed, not contributing this as a causative factor 
of joint injury late in football games. However, previous research that found reduced 
explosive H/Q ratio post fatigue utilised localised muscular fatigue (Moreira et al., 
2015) as did previous research that found a preferential effect of fatigue on explosive 
rather than maximal torque (Buckthorpe et al., 2012). Chapter 7 may offer more 
football specific findings on explosive torque regarding fatigue, and confirms previous 
football fatigue research that found no effect on explosive H/Q ratio (Greco et al., 
2013).  
 
However, football specific fatigue did result in reduced MVT and activation of the KE 
and KF at MVT, reduced KF activation during explosive contractions and increased 
COM displacement following posterior perturbations. Taken together, these changes 
could be postulated to have a deleterious effect on dynamic joint stability (Robineau 
et al., 2012). These deficits in neuromuscular performance and dynamic balance 
control should be considered in future football injury prevention programmes, 
emphasising the importance of fatigue resistance through endurance training 
(Hassanlouie et al., 2014) or substituting footballers who appear exhausted or express 
indications of exhaustion.  
 
The effectiveness of the fatigue protocol was clearly demonstrated through 
physiological and performance parameters (sprint time, heart rate and rate of 
perceived exertion). Furthermore, the addition of a control intervention and the minimal 
rest time between the fatigue protocol and post- testing (< 1 minute) added robustness 
to the methodology. These factors add credence to these findings and offer an 
improvement on previous investigations on football related fatigue. 
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8.6 Future Directions 
Possible suggestions for future directions of this work are as follows:  
1) Investigate explosive performance between muscle groups utilising low 
compliance customised dynamometers, including measures of neural drive 
between muscle groups to further elucidate both explosive strength and neural 
drive relationships between muscle groups. This may allow more efficient, 
targeted performance or injury screening. 
2) Inclusion of the full complement of KF muscles to further investigate sex 
differences in muscle morphology in a sporting group e.g. female vs male 
footballers. Further investigations should also compare all aspects of muscle-
tendon unit morphology of knee joint musculature between the sexes including 
architecture, using 3-D diffusion tensor MRI inclduing measures of 
physiological CSA, as well as tendon and aponeurosis morphology. 
3) Investigate the relationship between explosive torque production with 
kinematics and kinetics (e.g. knee abduction angles, reactive joint torques) 
during a sports injury specific task such as landing from a jump or changing 
direction. This may further identify explosive torque as an important measure 
for predicting potential sporting injury risk.  
4) Implement a prospective sporting cohort trial to evaluate if explosive 
performance is a risk factor for sports injury risk in team sport athletes. This 
research could have important implications for pre-season screening 
programmes that are used to identify individuals at higher risk of 
musculoskeletal injury that may require targeted intervention. 
5) Undertake a randomised controlled trial with explosive strength training in a 
female sporting cohort and measure injury risk/ frequency. This would confirm 
explosive torque production as an important factor for injury prevention.  
6) Undertake a longitudinal trial measuring perturbation response measures and 
sports injury risk. This would allow recommendations on perturbation response 
quantification as a sports injury screening tool.   
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The Relationship between an individual’s Capability for 
Neuromuscular Force Production and the Biomechanical 
Responses to Mechanical Perturbations. 
 
 
Participant Information Sheet 
 
Main Investigator 
Fearghal Behan, F.Behan@lboro.ac.uk, 07780455175 
PhD Student 
 
Supervisors 
Dr. Jonathan Folland, J.P.Folland@lboro.ac.uk, 01509226334 
Reader in Human Performance and Neuromuscular Physiology 
 
Dr. Matt Pain, M.T.G.Pain@lboro.ac.uk, 01509226327 
Reader in Biomechanics 
 
What is the purpose of the study? 
Sports injuries such as ruptured knee ligaments (e.g. anterior cruciate ligament 
(ACL)) are acute traumatic events with significant personal and societal implications, 
including a significantly increased risk of developing osteoarthritis (OA). These 
injuries often occur due to a disturbance of balance (mechanical perturbation) that 
leads to a fall or injurious joint positions.  
The strength of an individual’s muscles, and particularly their ability to produce force 
quickly, are thought to be important in regaining stability quickly, reducing the chance 
of injury and it consequences (e.g. osteoarthritis). However this idea has not been 
researched. This study aims to investigate if our speed/ rate of developing force or 
the amount of force we can produce can predict how we respond to laboratory- 
induced disturbances of balance (mechanical perturbations). Ultimately this may 
allow us to identify important predictors of traumatic injury that would facilitate novel 
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injury prevention interventions thus reducing the incidence of injury and future 
disability associated with OA. 
 
Who is doing this research and why? 
This study is partly being funded by Arthritis Research UK Centre for Sport, Exercise 
and Osteoarthritis. The Centre is researching the links between sports, exercise and 
osteoarthritis (OA). This study is to form part of Fearghal Behan’s PhD Research. 
 
Are there any exclusion criteria? 
Exclusion criteria include: 
• Persons under the age of 18 or over the age of 35 years.  
• Participants with any health conditions that may contraindicate participation in 
strenuous exercise. 
• Participants with a current or previous serious injury to the legs, pelvis or 
lower back. 
• Participants with a BMI of 26 or over. 
• Females who are not on the contraceptive pill. 
 
Once I take part, can I change my mind? 
Yes! After you have read this information and asked any questions you may have we 
will ask you to complete an Informed Consent Form, however if at any time, before, 
during or after the sessions you wish to withdraw from the study please just contact 
the main investigator. You can withdraw at any time, for any reason and you will not 
be asked to explain your reasons for withdrawing. You can also withdraw your data 
at any time up to one month after completing the study. 
 
Will I be required to attend any sessions and where will these be? 
Yes, you will be asked to attend 2 different sessions in L.0.09 and L.0.11, Wavy Top 
Building, Loughborough University. 
 
How long will it take? 
You will be asked to attend on 2 separate occasions.  
Appendices 
 
 166 
Session 1: Familiarisation, first dynamometry testing session and anthropometrics= 2 
hours 
Session 2: Further dynamometry, CAREN trial, treadmill trial= 3 hours 
Total time commitment= 5 hours 
 
Is there anything I need to do before the sessions? 
Prior to the measurement sessions you should be prepared and in condition for 
maximum physical effort, and are required to: 
- Refrain from strenuous exercise for 36 hrs.  
- Having eaten, drunk and slept normally in the previous 48 hrs. 
Whilst the muscle contractions and perturbation trials involved in this study are quite 
brief and not particularly fatiguing they do involve maximum physical effort and 
attention/motivation.  
 
Is there anything I need to bring with me? What type of clothing should I wear? 
Shorts for all testing sessions, bicycling shorts and running shoes for testing session 
2. You may also want to bring a drink or a snack for testing session 2. 
 
What will I be asked to do? 
You will be asked to attend on two separate occasions at your own convenience. 
The two testing sessions will be 5-10 days apart and will consist of the following: 
 
Session One: Familiarisation and first dynamometer testing session 
Initially you will be required to read the information sheet, fill out all questionnaires 
and sign the informed consent sheet. Subsequently, your height and weight will be 
recorded and you then commence familiarisation with the two dynamometers. One 
for measuring the strength of the knee joint muscles and the other for measuring the 
ankle joint muscles. Initially you will be positioned in each dynamometer ensuring an 
appropriate comfortable position and all different types of contractions will be 
practiced until you are comfortable with these. At this stage testing will commence. 
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Voluntary Isometric Contractions  
You will complete a series of isometric (static) maximal voluntary contractions, with 
sufficient recovery between each contraction to attenuate any fatigue. Specifically 
you will perform: 
• Maximum voluntary isometric contractions to measure strength (peak force) of 
the plantar flexors (calf muscles), dorsi flexors (front shin muscles),  knee 
extensors (front thigh muscles) and knee flexors (hamstring muscles), For 
each muscle group this involves 3-4 maximum contractions of ~3 s duration 
each separated by 30 s recovery periods. This will be performed on both 
sides. 
• Explosive (rapid) contractions of ~1 s duration attempting to develop force as 
quickly as possible. Ten contractions will be performed on the plantar flexors 
and knee extensors with ~20 s between contractions. This will be performed 
on both sides.  
 
Anthropometric Measurements 
Session one will conclude with measurements of the length and width of your upper 
and lower limbs and your trunk. This will involve being measured with custom 
measuring equipment while lying, sitting and standing still. 
 
Session Two: Further Dynamometry, CAREN Trial and Treadmill Trial 
This second session involves you initially being prepared for electromyographic 
(EMG) measurement over the surface of the muscles being assessed (thigh, 
hamstring and calf muscles on both sides). This involves shaving, lightly abrading 
and wiping a small area of skin with ethanol. EMG sensor electrodes will be placed 
at these sites in order to measure the electrical activity within these muscles.  
Following EMG preparation you will undergo the same dynamometry/ strength 
testing session as session one. Subsequently self-adhesive reflective markers will be 
placed on you to allow for a motion capture system to record your movement for 
biomechanical analysis. 
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CAREN Trial 
The CAREN machine is a large computer controlled mechanical platform that can 
move people in various directions, both in a linear and an angular fashion. In this 
case you will be asked to stand on the platform on one leg to undergo 4 sets of 12 
trials that are randomised between forwards, backwards, left and right. You will be 
asked to try to remain stationary. This trial will be repeated for both legs with eyes 
open and eyes closed tested for both. The CAREN machine is surrounded by soft 
padding on all sides for the highly unlikely event of a fall. 
 
Treadmill Trial 
Following the CAREN trial (while still wearing motion capture markers and EMG) you 
will be asked to run briefly on a treadmill with a 10% decline. You will be attached to 
a safety harness and the treadmill will be surrounded by soft padding to prevent any 
injury in the unlikely event of a trip or fall. You will be warmed up at a gradually 
increasing speed for 5 minutes. When you have reached 14 km/hour and are 
comfortable the trials can commence. For distraction purposes you will be asked to 
observe a screen with audio and visual basic mathematics questions being asked. 
The treadmill will be perturbed by an external control while you attempt to maintain 
stability. Any failure to maintain stability will result in the safety harness taking your 
weight to prevent a fall. This procedure will be repeated three times.  
 
What personal information will be required from me? 
The only personal information will relate to your current and previous health.  
 
Are there any risks in participating? 
Strenuous Muscular Contractions 
The strength measurements require some physical effort and there is a potential risk 
of muscle strain. The muscle contractions in this study are isometric (static) in nature 
and in the middle of the range of motion; conditions which are considered to provide 
a very low risk of muscle strain or injury. Furthermore, in the responsible 
investigators’ experience of testing several hundred participants, this has never 
occurred. Strenuous contractions also cause a brief increase in blood pressure, as is 
the case for any forceful muscle contraction. However, for healthy individuals this is 
not regarded as dangerous in any way. 
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Disturbances of balance (mechanical perturbations) 
The disturbances of balance (perturbations) used in this study will be in the sagittal 
plane of movements (forwards/backwards) as injuries rarely occur in these 
movements. Actual injuries usually occur during rotational and sideways movements. 
In addition on the treadmill you will wear a harness that will prevent your torso falling 
more than 30 cm and thus prevent contact with the ground and the compromised 
joint positions that produce injury.  
 
Should you perceive excessive discomfort or injury at any point during the study, 
your involvement will be discontinued, and advice on rest and recovery strategies will 
be provided, and if appropriate Sports Medicine treatment organised e.g. 
appointment with a physiotherapist. 
 
Will my taking part in this study be kept confidential? 
Only the study investigators will have access to the information collected from your 
participation. The data will be classified numerically (rather than by name) for 
confidentiality purposes. Data storage will adhere to the Data Protection Act and 
participants’ confidentiality will not be breached. 
 
What will happen to the results of the study? 
The results will be submitted for publication to a peer-reviewed journal and may be 
presented at conferences. Information regarding all individual participants will remain 
confidential. 
 
I have some more questions who should I contact? 
If you have any further questions please contact Mr. Fearghal Behan  
Email: F.Behan@lboro.ac.uk 
Mobile phone number: 07780455175 
 
What if I am not happy with how the research was conducted? 
 
If you are not happy with how the research was conducted, please contact Mrs Zoe 
Stockdale, the Secretary for the University’s Ethics Approvals (Human Participants) 
Sub-Committee: 
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Mrs Z Stockdale, Research Office, Rutland Building, Loughborough University, 
Epinal Way, Loughborough, LE11 3TU.  Tel: 01509 222423.  Email: 
Z.C.Stockdale@lboro.ac.uk 
 
The University also has a policy relating to Research Misconduct and Whistle 
Blowing which is available online at 
http://www.lboro.ac.uk/admin/committees/ethical/Whistleblowing(2).htm 
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INFORMED CONSENT FORM 
(to be completed after Participant Information Sheet has been read) 
 
Project Title: The Relationship between an individual’s Capability for 
Neuromuscular Force Production and the Biomechanical Responses to 
Mechanical Perturbations. 
 
 
 
The purpose and details of this study have been explained to me. I understand that 
this study is designed to further scientific knowledge and that all procedures have 
been approved by the Loughborough University Ethics Approvals (Human 
Participants) Sub-Committee. 
 
I have read and understood the information sheet and this consent form. 
 
I have had an opportunity to ask questions about my participation. 
 
I understand that I am under no obligation to take part in the study. 
 
I understand that I have the right to withdraw from this study at any stage for any 
reason, and that I will not be required to explain my reasons for withdrawing. 
 
I understand that all the information I provide will be treated in strict confidence and 
will be kept anonymous and confidential to the researchers unless (under the 
statutory obligations of the agencies which the researchers are working with), it is 
judged that confidentiality will have to be breached for the safety of the participant or 
others.  
 
 
I agree to participate in this study. 
 
 
                    Your name 
 
 
              Your signature 
 
 
 
Signature of investigator 
 
 
 
                               Date 
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School of Sport, Exercise & Health Sciences 
 
 
 
 
The Effect of Football Match Simulation on Explosive Muscular 
Force, Perturbation Response and Landing Mechanics 
 
 
 
Participant Information Sheet 
 
Main Investigator 
Fearghal Behan, F.Behan@lboro.ac.uk 
PhD Student 
 
Supervisors 
Dr. Jonathan Folland, J.P.Folland@lboro.ac.uk, 01509226334 
Reader in Human Performance and Neuromuscular Physiology 
 
Dr. Matt Pain, M.T.G.Pain@lboro.ac.uk, 01509226327 
Reader in Biomechanics 
 
What is the purpose of the study? 
Sports injuries such as a ruptured knee ligaments (e.g. anterior cruciate ligament 
(ACL)) have significant personal and societal implications, including a significantly 
increased risk of developing osteoarthritis (OA). These injuries often occur due to a 
disturbance of balance (mechanical perturbation) or landings that lead to a fall or 
injurious joint positions. Sports injuries regularly occur towards the end of a sporting 
event such as a football game. 
The strength of an individual’s muscles, and particularly their ability to produce force 
quickly, are thought to be important in regaining stability quickly, reducing the chance 
of injury and its consequences (e.g. osteoarthritis). The effects of playing a full 
football game on this rapid production of force and the effects on how we respond to 
balance disturbances and landing have not been thoroughly investigated. This study 
aims to investigate the effect of football match simulation on our speed/ rate of 
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developing force and how we respond to laboratory- induced disturbances of 
balance (mechanical perturbations) and on landing technique. Ultimately this may 
allow us to identify important predictors of traumatic injury that would facilitate novel 
injury prevention interventions thus reducing the incidence of injury and future 
disability associated with OA. 
 
Who is doing this research and why? 
This study is partly being funded by Arthritis Research UK Centre for Sport, Exercise 
and Osteoarthritis. The Centre is researching the links between sports, exercise and 
osteoarthritis (OA). This study is to form part of Fearghal Behan’s PhD Research. 
 
Are there any exclusion criteria? 
Exclusion criteria include: 
• Persons under the age of 18 or over the age of 35 years.  
• Participants with any health conditions that may contraindicate participation in 
strenuous exercise. 
• Participants with a current or previous serious injury to the legs, pelvis or 
lower back. 
• Participants with a BMI of 26 or over. 
 
Once I take part, can I change my mind? 
Yes! After you have read this information and asked any questions you may have we 
will ask you to complete an Informed Consent Form, however if at any time, before, 
during or after the sessions you wish to withdraw from the study please just contact 
the main investigator. You can withdraw at any time, for any reason and you will not 
be asked to explain your reasons for withdrawing. You can also withdraw your data 
at any time up to one month after completing the study. 
 
Will I be required to attend any sessions and where will these be? 
Yes, you will be asked to attend 3 different sessions the Functional Analysis and 
Rehabilitation Laboratory (0.12) and the CAREN Laboratory (0.12) in the National 
Centre for Sport and Exercise Medicine, Loughborough University. 
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How long will it take? 
You will be asked to attend on 3 separate occasions.  
Familiarisation and multistage fitness test (bleep test) = 1 hour 
Testing session one: explosive and maximal torque testing, perturbation response 
and landing mechanics followed by control or fatigue protocol and repeat testing= 3 
hours  
Testing session two: explosive and maximal torque testing, perturbation response 
and landing mechanics followed by alternate control or fatigue protocol and repeat 
testing= 3 hours  
Total time commitment= 7 hours 
	
 
Is there anything I need to do before the sessions? 
Prior to the measurement sessions you should be prepared and in condition for 
maximum physical effort, and are required to: 
- Refrain from strenuous exercise for 36 hrs.  
- Having eaten, drunk and slept normally in the previous 48 hrs. 
Whilst the muscle contractions and perturbation trials involved in this study are quite 
brief and not particularly fatiguing they do involve maximum physical effort and 
attention/motivation. The multi- stage fitness tests and football simulation will result 
in exercise to exhaustion so please ensure you are feeling fit and well.  
 
Is there anything I need to bring with me? What type of clothing should I wear? 
Shorts and running shoes for all testing sessions. You may also want to bring a drink 
or a snack for sessions 2 and 3. 
 
What will I be asked to do? 
You will be asked to attend on three separate occasions at your own convenience. 
The three testing sessions will be 5-10 days apart each and will consist of the 
following: 
 
Session One: Familiarisation and first dynamometer testing session 
Initially you will be required to read the information sheet, fill out all questionnaires 
and sign the informed consent sheet. Subsequently, your height and weight will be 
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recorded and you then commence familiarisation with the two dynamometer; one for 
measuring the strength of the knee extensor muscles and the other for measuring 
the knee flexor muscles. Initially you will be positioned in each dynamometer 
ensuring an appropriate comfortable position and all different types of contractions 
will be practiced until you are comfortable with these.  
Once you are comfortable with the dynamometry positioning and technique you will 
commence the multi stage fitness test (bleep test). This is a progressive 
cardiovascular endurance test where you will run in progressively faster 20 metre 
shuttles until exhaustion is achieved. This will give an indication of your aerobic 
fitness and facilitate specific design of the fatigue protocol.  
 
Session Two: Muscle strength testing, perturbation and landing trial followed by 
control or fatigue intervention and all testing repeated 
 
This second session initially involves preparing you for electromyographic (EMG) 
measurement. EMG preparation of the skin will be done over the surface of the 
muscles being assessed (thigh muscles, hamstring muscles and calf muscles). This 
involves shaving, lightly abrading and wiping a small area of skin with ethanol. EMG 
sensor electrodes will be placed at these sites in order to measure the electrical 
activity within these muscles. For electrode placement please see picture at the end 
of this information booklet. 
 
Muscle Strength Testing: Voluntary Isometric Contractions  
You will complete a series of isometric contractions on one side, with sufficient 
recovery between each contraction to attenuate any fatigue. Specifically you will 
perform: 
• Maximum voluntary contractions to measure strength (peak force) of the knee 
extensors and the knee flexors. For each muscle group this involves 3-4 
maximum contractions of ~3 s duration each separated by 30 s recovery 
periods and performed on one side.  
• Explosive contractions of ~1 s duration attempting to develop force as quickly 
as possible. Ten contractions will be performed with each muscle group with 
~20 s between contractions and performed on the same side. 
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Disturbances of balance (mechanical perturbations) and landing trial 
 
1. CAREN Trial 
Whilst still wearing the EMG sensors self-adhesive reflective markers will be placed 
on you to allow for a motion capture system to record your movement for 
biomechanical analysis. The CAREN machine is a large computer controlled 
mechanical platform that can move in various directions. Once attached to a safety 
harness participants you stand on the platform on one leg to undergo 1 set of 6 
perturbations: 3 in each direction (forwards, backwards) in a randomised fashion. 
You will be asked to try to remain stationary. The CAREN machine is surrounded by 
soft padding on all sides to cushion any participant in the highly unlikely event of a 
fall. 
 
 
2. Landing Trial 
Following the CAREN trial you (while still wearing their motion capture markers and 
EMG) will be asked to land from a standardised height of 45.5cm three times. You 
will be asked to land using your normal landing technique, 
 
Fatigue/ Control Intervention 
The order of the control vs fatigue intervention will be randomised i.e. if fatigue 
intervention occurs on day one of testing the control intervention will occur on day 
two and vice versa.  
 
The Loughborough Intermittent Shuttle Test (LIST) 
This is a running intervention that included jogging, running and sprinting between 
two markers 20 metres apart designed to simulate the physiological demands of a 
football game. It is designed in 15 minute stages and a full 90 minute game will be 
simulated in this study with a 15 minute break after 45 minutes to simulate football 
half time. 
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Following the LIST the strength measurements, perturbation response and landing 
mechanics will be re- assessed. 
 
 
Control Intervention 
You will be asked to rest for the 90 minute period of the LIST plus the 15 minute half 
time to facilitate a control intervention with measurements being repeated at the end 
of the rest period. 
 
Session Three: Muscle strength testing, perturbation and landing trial followed by 
control or fatigue intervention and all testing repeated 
Visit 3 will be a repeat of visit 2 but with the alternate of intervention or control being 
completed depending on which was randomised for visit two i.e. if visit two contained 
the LIST/ fatigue intervention the visit three would contain the control/ rest 
intervention and vice versa.  
 
What personal information will be required from me? 
The only personal information will relate to your current and previous health.  
Anonymised recordings constructed from motion analysis markers will be recorded 
by motion capture and stored on a PC and kept in a locked laboratory or secure 
office. After 5 years these recordings as well as all other anonymised data will be 
destroyed.  
 
 
Are there any risks in participating? 
Strenuous Muscular Contractions 
The strength measurements require some physical effort and there is a potential risk 
of muscle strain. The muscle contractions in this study are isometric (static) in nature 
and in the middle of the range of motion; conditions which are considered to provide 
a very low risk of muscle strain or injury. Furthermore, in the responsible 
investigators’ experience of testing several hundred participants, this has never 
occurred. Strenuous contractions also cause a brief increase in blood pressure, as is 
the case for any forceful muscle contraction. However, for healthy individuals this is 
not regarded as dangerous in any way. 
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Disturbances of balance (mechanical perturbations) 
The disturbances of balance (perturbations) used in this study will be in the sagittal 
plane of movements (forwards/backwards) as injuries rarely occur in these 
movements. Actual injuries usually occur during rotational and sideways movements. 
In addition on the treadmill you will wear a harness that will prevent your torso falling 
more than 30 cm and thus prevent contact with the ground and the compromised 
joint positions that produce injury.  
 
Fatigue Protocol 
The bleep test and fatigue protocol will require physical effort and there is a potential 
risk of muscle strain. You will exercise to exhaustion on both occasions and 
therefore, only currently fit individuals with no known health conditions will be 
recruited. You will fill out a health screen questionnaire to ensure you have no 
contraindications to strenuous exercise. 
 
Should you perceive excessive discomfort or injury at any point during the study, 
your involvement will be discontinued, and advice on rest and recovery strategies will 
be provided, and if appropriate Sports Medicine treatment organised e.g. 
appointment with a physiotherapist. 
 
Will my taking part in this study be kept confidential? 
Only the study investigators will have access to the information collected from your 
participation. The data will be classified numerically (rather than by name) for 
confidentiality purposes. Data storage will adhere to the Data Protection Act and 
participants’ confidentiality will not be breached. 
 
What will happen to the results of the study? 
The results will be submitted for publication to a peer-reviewed journal and may be 
presented at conferences. Information regarding all individual participants will remain 
confidential. 
 
I have some more questions who should I contact? 
If you have any further questions please contact Mr. Fearghal Behan  
Email: F.Behan@lboro.ac.uk 
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Mobile phone number: 07780455175 
 
What if I am not happy with how the research was conducted? 
 
If you are not happy with how the research was conducted, please contact Ms Jackie 
Green, the Secretary for the University’s Ethics Approvals (Human Participants) Sub-
Committee: 
 
Ms J Green, Research Office, Hazlerigg Building, Loughborough University, Epinal 
Way, Loughborough, LE11 3TU.  Tel: 01509 222423.  Email: J.A.Green@lboro.ac.uk 
 
The University also has a policy relating to Research Misconduct and Whistle 
Blowing which is available online at  
http://www.lboro.ac.uk/committees/ethics-approvals-human-
participants/additionalinformation/codesofpractice/ 
 
 
Picture of Sensor Positions 
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INFORMED	CONSENT	FORM		
(to	be	completed	after	Participant	Information	Sheet	has	been	read)	
	
Taking	Part	 Please	
initial	box	
	
The	purpose	and	details	of	this	study	have	been	explained	to	me.		I	understand	that	
this	study	is	designed	to	further	scientific	knowledge	and	that	all	procedures	have	
been	approved	by	the	Loughborough	University	Ethics	Approvals	(Human	
Participants)	Sub-Committee.	
	 	
I	have	read	and	understood	the	information	sheet	and	this	consent	form.	
	 	
I	have	had	an	opportunity	to	ask	questions	about	my	participation.		
	 	
I	understand	that	I	am	under	no	obligation	to	take	part	in	the	study,	have	the	right	to	
withdraw	from	this	study	at	any	stage	for	any	reason,	and	will	not	be	required	to	
explain	my	reasons	for	withdrawing.	
	 	
I	agree	to	take	part	in	this	study	
	
Use	of	Information	
	
I	understand	that	all	the	personal	information	I	provide	will	be	treated	in	strict	
confidence	and	will	be	kept	anonymous	and	confidential	to	the	researchers	unless	
(under	the	statutory	obligations	of	the	agencies	which	the	researchers	are	working	
with),	it	is	judged	that	confidentiality	will	have	to	be	breached	for	the	safety	of	the	
participant	or	others	or	for	audit	by	regulatory	authorities.		
	 	
	 	
I	agree	for	the	data	I	provide	to	be	securely	archived	at	the	end	of	the	project.		
	 	
 
________________________ _____________________ ________  
Name of participant [printed] Signature              Date 
 
__________________________ _______________________ _________  
Researcher  [printed] Signature                 Date 
	
 
